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ON THE CHANGE OF SPECTRUM AND COLOR INDEX 
WITH DISTANCE AND ABSOLUTE BRIGHTNESS. 
PRESENT STATE OF THE QUESTION 


By J. C. KAPTEYN: 


In what follows I have brought together whatever evidence, 
published or unpublished, has come to my knowledge on the ques- 
tion indicated in the title of this note. 

The evidence bears on the real existence of the two following 
observed phenomena: 


I. OBSERVED PHENOMENA 


(1) On the average the apparently fainter stars are redder 
than the brighter ones. 

(2) Apparent magnitude and spectral lines being the same, the 
stars are redder the farther away they are. 


II. POSSIBLE EXPLANATIONS 


The phenomenon (1)—if real—is explainable in one of the three 
following ways: 

(3) By the predominance of the later spectral types among the 
fainter stars. 

(4) By an influence of the absolute brightness on the color index. 

(5) By selective absorption (or scattering) of light in space. 

For the phenomenon (2)—if real—there are only the two 
explanations (4) and (5). 


Ill. INVESTIGATIONS REQUIRED 


The three following investigations are therefore necessary to 
settle the reality of, and to determine quantitatively, the phe- 
nomena in question: 

(6) Investigation of the relative frequency of the several spectral 
classes among the stars of the fainter magnitudes. 

t Research Associate of the Carnegie Institution of Washington, Mount Wilson 
Solar Observatory. 
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(7) Investigation of the influence of absolute brightness on the 


spectrum. 
(8) Investigation of the influence of distance on the spectrum. 


IV. REMARK UPON (3) 


It is important to note that a predominance of later-type stars 
among the fainter stars does not necessarily mean such a pre- 
dominance among the more distant stars. If the spectral types 
are equally mixed throughout the stellar system, and if there is no 
space absorption nor any influence of absolute brightness, we shall 
find relatively more later types among the fainter stars. As a 
consequence, the fainter stars will be redder on the average than 
the brighter ones. 

In order to see this at once,’ imagine for a moment that the 
stellar system is sharply limited at a certain distance from the sun, 
and suppose, for the sake of simplicity, that we have to do only 
with stars of the first and second spectral classes, and that the 
proportion of the two classes does not change with distance. As 
the first-type stars are much more luminous, and as they are at the 
same time more nearly equal, the very faintest second-type stars 
must be much fainter than the least luminous first-type stars. Let 
the difference be a magnitudes. The very faintest stars that we 
see in the sky will therefore be the least luminous second-type stars 
which stand at the limit of the system. Let their apparent mag- 
nitude be uw. The stars of apparent magnitude pw will thus be 
exclusively second-type stars. So also will be the stars of mag- 
nitude w—I, u-2....uptoy—a. At this last magnitude we 
begin to find some of the least luminous of the first-type stars and 
from this magnitude upward the number of first types, relatively 
to that of the second, will steadily increase. Evidently there is 
a predominance of second-type stars for the fainter magnitudes, 
without any thinning-out of the first-type stars with distance. 

If we do not assume a sharp limit for the stellar system the 
same will still hold, at least if, as is found by all investigators,? the 
star-density diminishes with increasing distance. In order to show 

* My attention was drawn to this consideration by Professor Hertzsprung. 


?On the supposition, though, of the non-existence of appreciable space absorption. 
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this and at the same time to obtain at least some quantitative idea, 
I computed the relative numbers of the first- and second-type stars 
for different magnitudes on the suppositions: (a) that for the fifth 
magnitude the number of stars for the two types is the same; 
(b) that for the first type the color index is zero, and for the 
second type +1.0 mag. I adopted the luminosity-curves found 
in Groningen Publication, No. 11, p. 31 (Sol. B). They are well 
represented by the formula: 

Number of stars=Ce7f--) (9) 


in which M=absolute magnitude and 
for the first type, h=0.243 k= 8.95 mags. (10) 
for the second type, k=o.247 k=I0.30 mags." (11) 


The computation was further carried out by means of the very 
convenient formulae given by Schwarzschild.? I found the results 
given in Table I. 


t An attempt is now being made by Dr. Kohlschiitter and myself to obtain the 
luminosity-curves for each of the spectral classes, B, A, F, G, K, M, separately. As 
these are not yet available I had no choice but to adopt the curves of Groningen Pub- 
lication, No. 11, though well aware of the fact that they are less satisfactory than what 
could be obtained by the use of more recent data. It seems probable (as implicitly 
assumed a moment ago) that with these better data we should find the value of h 
for the first-type stars very appreciably greater than for those of the second type. 


2 Astronomische Nachrichten, No. 4557. According to Schwarzschild: 


log number of stars=const.—a.m—a,m? (P) 
where 
EB __ 4(br1+0.4) —b2(ar+0.6) ee Gabo 
= d2t+bz : a2+b2 i 
The values of }, and 6, must be found from the luminosity-curves. We have 
brtO-4 2 b=) XMod. 
2b, 


It is necessary in formulae (10) and (11) to diminish the values of k by 5 magnitudes 
in order to comply with Schwarzschild’s definition of absolute magnitude, which 
differs by 5 mags. from that adopted in the Groningen Publications. The quantities 
a; and a2 depend on the star-density according to the formula: 

log D (r)=const.+5ax log r— 25a (log r)? 
The first constant, only, is supposed to differ for the two types. For the other con- 
stants Schwarzschild finds: 

ax:=+0.097 a2= +0.0088 

The constants being thus found and substituted in (P), we get the numbers whose 
ratios are in Table I. 
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The numbers in this table may be appreciably in error owing to 
the confessedly defective data on which it rests. At all events, 
however, it is evident that the apparent magnitude approaching 
infinity, the average color index will asymptotically approach 1.000, 
the maximum change thus being half a magnitude. 


TABLE I 
First T A 
Mm ao toe Colon bas 
ieee med Seria ebm: I.000 0.50 
i Re ecw rian emo Mac.< 0.778 0.56 
Ue ane TOR nO, © 0.609 0.62 
20. 8.56 se Sebcleromtees 0.477 0.68 


We thus see that the average color index of the faint stars is 
almost of necessity different from that of the brighter ones. In 
consequence of this it will be practically impossible to define a scale 
of magnitudes for the stars too faint for special classification in such 
a way that on the average the photographic and the visual scales 
will agree. Furthermore, unless observation yields a change in 
the relative numbers of the several spectral classes or in the amount 
of the color index materially exceeding that shown in Table I, 
we shall not be justified in concluding, from the observed phe- 
nomenon (1), that there is a relative increase in the later types 
with distance, nor shall we be able to conclude that either causes 
(4) or (5) are active. 

Meanwhile the assumption that “the spectral types are equally 
mixed throughout the stellar system” is probably wrong. In 
Groningen Publ., No. 11, Table 8, it was found that the density of 
the first-type stars does not decrease nearly so quickly with the 
distance as that of the second-type stars. This cause acts strongly 
in the opposite direction of the Hertzsprung effect. The phe- 
nomenon (2) is of course entirely independent of the latter effect. 


V. IMPORTANCE OF THE INVESTIGATIONS (6)—(8) 
Suppose that the investigation (6) leads to the result that the 
change in the relative frequency of the various spectral classes 
varies more than can be accounted for in the foregoing manner. 
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We shall then conclude that the later types are more frequent 
among the more distant stars. But if this is so, the luminosity- 
curve for all the stars together will change with distance. For 
the luminosity-curve of the mixture of stars of different spectral 
classes is of course dependent on the proportional numbers in each 
class. These proportional numbers changing with distance, the 
luminosity-curve of the mixture must necessarily change with dis- 
tance. This means that our present theories about the arrangement 
of stars in space will need revision, for they all start from the suppo- 
sition that the luminosity-curve is constant. Such a state of affairs 
would emphasize the necessity of an investigation of the arrange- 
ment in space for each class of spectrum separately. Independently 
of such a change, and for many obvious reasons, such a separate 
treatment is, in my opinion, one of the urgent desiderata of science. 
The investigation (6) will furnish one of the most indispensable 
data for such a treatment. 

A well-determined influence of absolute brightness (7), besides 
being important in a study of the physics of stellar atmospheres, 
would furnish the means of determining parallaxes, especially for 
the distant stars, where the other methods break down. 

An influence of absorption, if it exists, must introduce elements 
in the spectra of the distant stars which have nothing to do with 
the chemical and physical properties of the stellar atmospheres. 
For a fundamental study of the star-spectra the knowledge of any 
distance effect is therefore urgently required. Besides, as with the 
former influence, it will furnish means of getting data for very 
great stellar distances. In fact, the simple result of the direct. 
observation (2), if once well established and investigated, will do 
this independently of the question to what extent it is to be ex- 
plained by either of the causes (4) and (5). For the rest, the 
determination of a selective loss of light in space would be the first 
step toward the determination of the total loss of light. A good 
illustration of the absolutely fundamental importance of this 
latter quantity in the investigation of the structure of the stellar 
system is furnished by the fact that a loss of o.18 magnitude for 
every unit of distance (32.6 light years), which has been assumed 
by Comstock, leads to a star-density, at the distance of 3,000 light 
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years, hundreds of millions times greater than the supposition that 
no such loss exists. It must be clear from this that, unless we 
succeed in determining the absorption constant within at least 
something like a thousandth part of a magnitude, no really 
definitive results can be obtained for the arrangement of stars in 


space. 


VI. INFLUENCE THAT WOULD BE EXERTED BY SELECTIVE ABSORP- 
TION OF LIGHT 


Before adducing the evidence already existing, I will give a 
little table showing to what extent selective absorption of light by 
an interstellar medium (if homogeneous) would make itself felt, 
on the average, for stars of different apparent magnitudes. (The 
mean parallaxes have been assumed in accordance with what, 
in my opinion, are the best data at present available.) 


TABLE II 
: Ch i F Change in 
Vis. Mag. Colon ter Vis. Mag. Color Index 
6.0 0.04 Mag. 14.0 0.42 Mag. 
8.0 0.07 16.0 0.75 
10.0 Ob13 18.0 I.30 
12.0 0.24 20.0 2.40 


These numbers are in accordance with the ‘‘absorption co- 
efficient”’ derived in Astrophysical Journal, 30, 195, 1909,? where c 
was taken to be vanishing. For other values of the coefficient 
our numbers will have only to be multiplied by a constant factor. 
The table shows well how an absorption, even when small and 
hardly appreciable for the stars below magnitude 9, may still be 
all-important for the very faint stars—how, therefore, its accurate 
determination must almost of necessity be made dependent on 
these latter stars. For the dependence on absolute brightness we 
cannot make such a table because of our ignorance as to the law 
which would express such a dependence. 


t Astronomical Journal, No. 566. 
2 Mt. Wilson Contr., No. 42. 
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VII. EVIDENCE EXISTING ON THE PHENOMENON (1): THE FAINTER 
STARS ARE REDDER ON THE AVERAGE THAN THE BRIGHTER 


a) Fath’s result. 


The result of the comparison of 76 pairs of stars on the five plates showed 
that, in the mean, the fainter stars are distinctly redder than the brighter ones. 


b) King’s result.2, King finds 
d=-+0.019+0.010 mag. (12) 


d representing the change of color index over unit of distance (32.6 
light years). His conclusion is: 
From the correspondence and agreement of the results as viewed from 


different standpoints, I believe that we are dealing here with an actual factor, 
which, if not real absorption, produces effects similar to absorption. 


There is a more recent paper of King’s giving 
d=+0.023 (13) 


I quote the result from Observatory, February 1914, because I have 
not as yet seen the original paper. 
c) Turner’s result.*—From various considerations the author 
finds: 
d=-+0.030 (14) 


d) Four clusters ’—The globular clusters offer a case promising 
a separation of the two causes (4) and (5). For on small-scale 
plates, or on larger-scale plates if we operate out of focus, we can 
compare the color index of the cluster with that of a star of equal 
average spectrum and magnitude, without introducing perturbing 
photographic effects. At the same time, if the star has a sensible 
proper motion, we may be sure that the difference in distance is 
very considerable. As there is little reason for assuming that the 
separate stars of the cluster are, on the average, of a luminosity 
much different from that of the comparison star, a possible 


t Tbid., No. 63, p. 5; Astrophysical Journal, 36, 366, 1912. 

2 Annals Harvard College Observatory, 59, 182, 1912. 

3 [bid., p. 183, 1908. 

‘4 Monthly Notices, 69, 61-71, 1908. 

5 Mt. Wilson Contr., No. 42, p. 33; Astrophysical Journal, 30, 316, 1909. 
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effect of the absolute magnitude is avoided. The results are as 
follows: 


N.G.C. 7076 Color index=S-+1.0 mag. 
N.G.C. 7089 S+0.45 
Nucleus Great Andromeda Nebula S-+1.0 
Hercules cluster S+0.9 


where S=color index of the comparison star, which is of the same 
magnitude and the same average spectrum (according to Fath) as 
the cluster. For the Hercules cluster I assumed the average 
spectrum to be F1, which is the average of the spectra recently 
found by Pease for 19 stars in the cluster.* 

These determinations are rather rough, and the adopted average 
spectra of the clusters perhaps not unobjectionable. Still, as the 
differences are so large and the clusters almost certainly very far 
away, the qualitative evidence seems pretty strong. 

e) Limiting photographic magnitudes as determined by Professor 
Pickering—In Harvard Circular, No. 170, Professor Pickering 
gives for several instruments the magnitudes of the faintest stars 
obtained on the present rapid plates by an exposure of 60 minutes. 
I have myself derived the visual magnitudes of these faintest stars 
by the aid of the data in Groningen Publication, No. 18. In com- 
paring the results we have to take into account the difference of 
the scales. Pickering’s photographic magnitudes are on the Inter- 
national scale, the visual magnitudes on the Harvard visual scale. 
The International scale of photographic magnitudes is identical 
with the Harvard visual scale for the stars of spectrum Ao, mag- 
nitude 6.0. For the stars of other spectra there is a difference. 
Let 

A=average difference: Phot. Mag. (Int. scale) 
minus Visual Mag. (Harv. scale) (r5) 


For the stars of visual magnitude 6 to 7 (Harv. scale) I found 
from Parkhurst’s Yerkes Actinometry? 


A=-+0.66 mag. (16) 


™“Annual Report of the Director of the Mount Wilson Solar Observatory,” 
Year Book of the Carnegie Institution of Washington, No. 13, P. 219, 1913. 
? Astrophysical Journal, 36, 169, 1912. 
8 


CHANGE OF SPECTRUM AND COLOR INDEX 9 


If, therefore, the fainter stars are as red as the brighter ones, we 
must find for them the same average difference. If they are redder, 
the difference must be greater. Asa matter of fact I find the results 
given in Table ITI. 4 

TABLE III 


FaIntest STARS ON Rapip PLATES, 60 MinuTES ExPosuRE 


Phot. (Int. Scale) Vis. (Harv. Scale) | Phot.—Vis. —0.66 
HA-INCHILElraCLOB averse sine 6017 Gedy 13.8 +1. 24 
EO-INCHITELACtOF sus cust sc 16.5 14.9 +0.94 
SO-INCINTEHECLOE. con. osc sac en 18.9 16.1 +2.14 
Oo-inch reneCtOreans. ache ee 19.5 wed +1.44 
IVECATIS aera ore css cotter antec her 17.65 Ts 5 +1.44 


If the stars of these magnitudes were no redder than those of 
magnitude 6.5 (visual) the numbers in the last column ought to 
be zero. Still, they are probably not to be explained altogether 
by the increased color index of the fainter stars. Systematic errors 
in the scale of Pickering’s photographic Polar Sequence and in the 
visual determinations of Parkhurst in his Photometric Researches— 
on which the determinations of Groningen Publication, No. 18, 
depend almost exclusively for the very faint stars—may have very 
materially contributed to the results. Seares has made a few 
direct comparisons of one of Parkhurst’s fields with the visual Polar 
Sequence (considerably prolonged by Seares himself). These cer- 
tainly indicate a very considerable divergence. But even if we allow 
for such divergences and if we take into account what has been said 
in Section IV, there must still remain a considerable part of the 
difference found between the color indices of the stars of mag- 
nitudes 15.5 and 6.5 which is to be explained either by a preponder- 
ance of the later types among the far-away stars or by one of the 
causes (4) or (5). 

f) Limiting magnitude of the Franklin Adams plates—Among 
the data of Groningen Publication, No. 18 (p. 11), occur fifteen 
Franklin Adams plates, which have been counted on an average 
down to visual magnitude 13.5, Harvard scale. The average 
limiting magnitude cannot well be fainter by more than half a mag- 
nitude, the plates being purposely counted close to the faintest 
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magnitude shown. As, however, there are three plates on which 
the counts extended to 14.1, 14.3, 14.5, Harvard scale, I will 
adopt 

Vis. Mag. faintest 


tars F. A. plates =14.3 Harv. scale=14.96 Int. scale (17) 
S aAT 


According to a private letter from Professor Dyson, direct 
comparison at Greenwich of 17 Franklin Adams regions with 
Pickering’s Polar Sequence gave in the mean: 


Phot. Mag. faintest stars on F. A. plates=16.51 (18) 


The difference noted for visual magnitude 14.3 (Harvard) is 
+1.55 magnitudes. The possible explanations are the same as in 
the preceding case. 

g) Barnard’s estimates (unpublished).—In a letter to Seares, 
Barnard gives some estimates made by himself at the 40-inch 
refractor. I have added (in brackets) the photographic magnitudes 
given by Pickering in Harvard Circular, No. 170: 

The faintest star I could see on an ordinary night was tos [18.30]. 
It could have been measured if necessary. I am sure I glimpsed 
21S\(ESuO7iae oie 17s'[16.97] was very noticeable. My estimate of 17s was 
IMG OF 1G 4 6 6 6 34 [17.11] is very easy. Estimated 15™. I hope to get a 
trial on a good night. 

Parkhurst’s determination of the limiting visual magnitude of 
the 40-inch refractor, made with “good seeing,” ocular 750, is 
16.8 Harvard scale. It is in connection with this determination 
that we have to take Barnard’s estimates. The possibilities are 
as under e) and f). 

h) Hertzsprung’s results (unpublished).—In the summer of 1912 
Professor Hertzsprung took a great number of photographs with 
the Mount Wilson 60-inch reflector, stopped down to 4o inches in 
order to increase the field. A coarse grating was placed before 
the opening of the tube, which of course produced spectra on both 
sides of the main image. The distance between the first-order 
spectra, which are so short that they can hardly, if at all, be dis- 
tinguished from ordinary star images, is about 1 millimeter. This 
distance must be different for different “effective wave-lengths.”’ 

* Photometric Researches, p. 189. 
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Careful measurement of this distance thus furnishes a measure of 
the color index. Up to the present only the photographs of a single 
region, that around N.G.C. 1647, have been completely measured 
and reduced. The total nunaber of stars is 206. The color index 
increases very gradually and steadily with the magnitude. From 
magnitude g to about 14.5 the increase is about 0.7 or 0.8 mag- 
nitude. Both the stars in and outside the cluster show the phe- 
nomenon. 

7) Seares’s result.~—Seares gives results for two areas, one cover- 
ing the region of Pickering’s Polar Sequence, the other the region 
round S Cygni. For the stars of these regions both the photo- 
graphic and the ‘‘photovisual’’ magnitudes (obtained by the use 
of isochromatic plates and yellow filter) were carefully determined. 
The number of stars included in the first area is 107, in the second 
about 200. The color index is found for both to increase very 
gradually with increasing magnitude. 


The real change in the minimum index (that is, of the color index for the 
whitest stars) between the 6th and the 17th magnitudes, is probably about 
one magnitude. Beyond the 15th magnitude there appear no stars with indices 
less than +0.5 mag. 


The change of the average color index is 0.34 magnitudes. 


j) Harvard result—The Harvard results for the Polar Sequence 
give no systematic difference between the photographic and visual 
magnitudes of the white stars from magnitude 4.5 to 13.3. It is 
the only case I know in which the fainter stars were not found 
redder. 

Meanwhile it seems quite possible that this is simply the con- 
sequence of the method of reduction adopted. A full explanation 
has not yet been published, but the following words occur in 
Harvard Circular, No. 170: 


An absolute scale of magnitudes was derived separately from each of about 
60 plates taken by the above method, the starting-point in every case being 
the mean photometric magnitude of such stars in the Polar Sequence, given in 
Table I, as were measured on that plate. 


t Mt. Wilson Contr., No. 81. Read at the Astronomical and Astrophysical Society 
meeting at Atlanta, December 1913. 
II 
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The words that I have here italicized seem to indicate that the 
agreement of the photographic and the photometric (i.e., visual) 
scales is a forced one. If this is really the meaning of the words, 
then of course the Harvard results yield no data for the present 


inquiry. 


VIII. EVIDENCE ALREADY EXISTING ON PHENOMENON (2) 


a) Kapteyn’s first paper on absorption..—Miss Maury divides 
her spectral class XVa (=K) into two subdivisions.’ 

In the first the general absorption is slight; in the second, it is more con- 
spicuous both in the regions of the violet above mentioned and beyond wave- 
lengths 3889, where the photographic spectrum generally appears to be suddenly 
cut off. 


It is found that with this difference in the spectrum corresponds 
a difference in distance, which is manifest by the difference in 
proper motion (y): 


Percentage of 


Average 100 Stars with 
100 4 >30” 
a Cassiopeia stars (weak in violet) 1174 (45 stars) ° (19) 
a Bodtis stars (strong in violet) 47.1 (25 stars) 48 


b) Kohlschiitter’s result (unpublished).—In his classification of 
the Mount Wilson spectra Kohlschiitter sometimes noted the fact 


that the violet is exceptionally faint. The nine stars thus marked 
are listed in Table IV. 


TABLE IV 

Boss No. Mag Spectrum BK Aver. 
DRO eet ten aah ere 4.70 G 07007 07300 
ZOO tae ete ee 6.17 K 0.018 ©.100 
CiGh aan oe .o08 Oran 5-30 K ©.002 0.130 
ROR an enn ae ae B07 Gs 0.008 ©. 200 
RiGy WEG cng mcnal ee Seyi G ©.009 0.230 
AOLO sere save ceca 5.42 B 0.005 0.023 
BOTS ern cate 6.02 Br 0.010 0.023 
BOOBs. ee atehe Gen iterege 5.04 B 0.004 0.023 
Stele waeipra cg alateney a ae 5-54 A 0.026 0.056 


On consulting Boss’s Preliminary Catalogue it was found that 


* Mt. Wilson Contr., No. 31; Astrophysical Journal, 29, 46, 1909. 
? Annals Harvard College Observatory, 28, I, 39, 1897. 
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in every case the proper motion was much below the average proper 
motion of the spectral class to which the star belongs (see last two 
columns). In fact, in nearly all cases the proper motion is quite 
insensible. e . 

c) Kapteyn’s second paper*—In this paper were treated the 
color indices of the stars whose spectra were determined by Miss 
Maury and Miss Cannon,? and whose photographic magnitudes 
could be taken from the Draper Catalogue. The visual magnitudes 
were from the Revised Harvard Photometry. A first attempt was 
made to separate the influence of the two causes: absolute bright- 
ness and distance. The data, however, proved inadequate for a 
satisfactory discrimination. If, therefore, we try to find only the 
change of color index with distance, and if we call 


d=change of color index for a change of distance ) Gs 
of 32.6 light years (r=0/1) ° 


d=-+0.0031+0.0006 mag.3 (21) 


If objection is taken to the distances assumed for the derivation 
in accordance with the table in Groningen Publication, No. 8, we 
may write the result in terms of proper motion. In this form at 
least the value (21), small as it is, seems well guaranteed within the 
limits set by the probable error. For it was derived from stars hav- 
ing the same apparent magnitude and the same spectral class and 
differing only in proper motion. It is hard to see how systematic 
error, either in the spectrum or in the magnitude, could creep in. 
Observers of spectrum and magnitude, who at the time of their 
observation were certainly not aware of the amount of the proper 
motion, could not have introduced such error, even had they 
wanted to do so. Here then is a case where, if ever, we may fully 
trust the verdict of the probable error, and this being the case, a 
value over five times its probable error deserves some confidence. 


t Mt. Wilson Contr., No. 42; Astrophysical Journal, 30, 284, 1909. 
2 Annals Harvard College Observatory, 28 and 56. 


3The correction indicated in Astrophysical Journal, 30, 398, 1909, has been 
applied. 
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d) Van Rhyn’s results for Parkhurst’s stars between 6=+73° 
and 6=+90° (unpublished).—The data here are somewhat scanty, 
but of much better quality than those available in the preceding 
investigation. As yet Van Rhyn has used only those of Park- 
hurst’s stars which are in Boss. By adding those for which good 
proper motions are available in Groombridge and Carrington the 
material will be increased in the ratio of 2 to 1.7 The results thus 
far are shown in Table V. 


TABLE V 

P.M. Average P.M.|Average Mag. Sp. Cc aueee No. Stars Average 7 
<4 OO SO meas 07026 6.0 A3 +om™r2 Be 070070 
SOROS One 0.100 5.8 A3 +0.09 24 0.0187 
<JOn USO. 0.078 6.2 F3 +o.46 Io 0.0150 
2 Onl SOs ©. 263 ny F3 +0. 36 8 0.0373 
<4 OE OO neni 0.047 5.8 G3 +o.96 20 0.0108 
=> OOO nena 0.218 ois G3 +0.89 Io 0.0335 
<4O.O0Gs ae 0.034 5.6 K4 Sees O 21 0.0088 
> OnO00ne er 0.103 ia K4 1.390 6 0.0204 


The values of + were found from the magnitudes and proper 
motions by the table for “all stars” in Groningen Publication, No. 8. 
From these data I find, assuming that the factor required for pass- 
ing from the average parallaxes to average distances is the same as 
in Astrophysical Journal, 30, p. 398: 


d=-+0.0050+0.0019? (22) 


The result is decidedly confirmatory of (21). Combining the two 
we have: 
d=-+0.0033+0.00055 (23) 


the probable error now being only a sixth of the amount. 


* As this paper is going through the press, Van Rhyn communicates, as the pro- 
visional result of both Boss and Groombridge stars, 
d=-+0.0079+0.0023 
? A more refined solution will lower this probable error. For it has been shown 
in my second paper that the values yielded by the spectra B to F must be increased, 
those found by the spectra G to M diminished. It is evident by simple inspection of 


Table V that a correction in this sense must greatly increase the agreement of the 
four separate results, 
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e) The results of a and 6 rest on spectra taken on different 
plates, at different times, which were separately developed. It is 
well known that under these circumstances photographs of the same 
star will often show great differences in the general absorption in 
the violet. . 

In a refined investigation it is necessary to compare stars of 
nearly the same magnitude, taken at the same zenith-distance, on 
the same plate. Some work in this direction was done by Van 
Rhyn at Mount Wilson. He photographed on one plate the 
spectra of two stars, of which the one has a large, the other a 
small, proper motion. Of the six pairs taken, three show the small 
proper motion star to be decidedly weak in the violet. The pairs 
are: Boss 3524 and 2750 (Sp. F8.); Boss 4042 and 4228 (Sp. Go); 
Boss 3922 and 4032 (Sp. Ko). 

f) Adams’ work—The matter was taken up very thoroughly 
a few months ago by Adams. He compared the spectra of stars 
of great and small proper motions in the way just described. Of 
the results it is stated:* 


Out of 20 pairs of stars investigated, two pairs are of type B8, one Ao, 
one F4, one F7, two G5, two G6, one G8, seven Ko, one K2, one K4, and one 
K6. Of these, the pairs of stars of types B8, Ao, and F4 show no appre- 
ciable relative difference between the two ends of the spectrum, and the same 
is true of one pair of type G6 and one of type Ko. The remaining fourteen 
pairs all show a marked difference, which in some cases is very great. In 
every case the star which is relatively faint in the violet end of the spectrum 
is the star of small proper motion . . . . in no case is the more distant star 
relatively stronger in the violet portion of the spectrum. 


The phenomenon is demonstrated ad oculos by the reproduction 
of the spectra of five pairs of the observed stars. 

Afterward Adams made a comparison—as yet unpublished— 
at the two ends of the spectrum of those stars of large and small 
proper motion, which have been observed for radial velocity on 
Mount Wilson. Photographs taken at great zenith-distances and 
on hazy nights have been rejected. The results are as contained 
in the following table, which gives the differences: density for stars 
of large proper motion minus density for stars of small proper 


1 Mt. Wilson Contr., No. 78; Astrophysical Journal, 39, 89, 1914. 
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motion at the wave-lengths indicated, the density at the red end 
of the spectrum having been reduced to equality for all. 


TABLE VI 
DIFFERENCE IN DENSITY AT 
TYPE AVERAGE PRopER MOTION 
A 4105 A 4220 A 4265 
Fo—Fo....| 0766 (23 stars) |o’or2 (10 stars) 0.07 0.07 0.08 
Go=Ga-in ole, (go MEE Nictood ke aa o.11 (oysin Oni 
Gs—Go ...|0.64 (22 “ )lo.c1z (4) 0.17 Sepa 0.14 
KOA, oss Cuger(e © joc Cy &) 0.16 0.15 0.15 
Ks—Ko-....| 2. 18s(.5. (1) lonoxe ese ©) 0.13 0.12 o.11 


Adams thinks that the progression in the differences of density 
for Fo to K4 is probably real. 


IX. FINAL REMARKS 


a) Though many of the investigations summarized in what 
precedes are only in their beginning, the conclusion seems already 
very strong that both the phenomena (1) and (2) are real. Only 
in the latter it is provisionally necessary to read ‘‘are redder on 
the average, the farther away they are,” the words in italics being 
added to the original formulation. 

b) The various methods have their own peculiar advantages 
and disadvantages. The most direct and at the same time the 
most sensitive method appears to be that followed by Adams. It 
has the disadvantage of being, provisionally at least, restricted 
to the brighter stars, that is, to those in which in general any 
distance effect must be, relatively speaking, little pronounced. 
Meanwhile we may hope to get down to much fainter stars by 
diminishing the dispersion and using an objective prism or an 
equivalent arrangement on the reflector. 

With the method followed by Seares very faint stars are reached. 
The interpretation of the results, however, is complicated by a 
lack of knowledge of the spectra. 

If the relative frequencies of the several spectral classes among 
the fainter stars were known, the two methods would help each 
other in discriminating between the two causes (4) and (5). For 
suppose we found that this frequency is the same for the stars of 
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all magnitudes. Then from the two phenomena (1) and (2) we 
should conclude that absorption (scattering) must be the main 
cause and not absolute magnitude. To see this, suppose for an 
instant that absolute magnitude were the only factor. From the 
phenomenon (1) we should conclude that the absolutely fainter 
stars must be the redder. For it cannot well be doubted but that 
the apparently fainter stars are also, on the average, the less 
luminous. From the phenomenon (2), on the other hand, it would 
follow that the absolutely brighter stars must be the redder. As 
the two are contradictory, we conclude that the premise must be 
wrong. Absolute magnitude could not, therefore, be the only, or 
even the main, cause. 

c) For this separation of the effects of distance and absolute 
magnitude little has been done up to the present. Adams is work- 
ing on the problem; his results are still inconclusive, owing partly 
to the short time as yet devoted to the matter, and partly to the 
difficulty of finding suitable objects in sufficient number. 

d) May not another phenomenon exist, which, side by side with 
other advantages, will in many cases permit an immediate separa- 
tion of the two causes? In Contributions from the Mount Wilson 
Solar Observatory, No. 31, p. 3,” the question was put whether there 
might not be a gaseous absorption. In a private letter Adams 
states that there seem to be indications of a strengthening of the 
hydrogen lines in the spectra of many of the distant stars of the later 
types. If further investigation confirms these indications there 
will be another case that may be conceived as an effect either of 
distance or of absolute magnitude. The two will, however, now be 
separable, at least in many cases. For any distance effect must be 
explained by the presence of hydrogen in interstellar space. Now, 
as generally the radial velocity of the gas and the star will be 
different, there will be an unsymmetrical widening of the hydrogen 
lines, which must give rise to a displacement of the centers of these 
lines, different from that of the purely stellar lines; conversely 
such a difference will prove the distance effect, that is, the absorp- 
tion or scattering of light in space. 

t Loc. cit. 

2 Astrophysical Journal, 29, 48, 1909. 
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In this summary of what has been done up to the present, I 
have deemed it unnecessary to enter into details of investigations: 
already published. For the still unpublished data. somewhat more 
detail was obviously desirable. It must be evident how greatly 
the latter have contributed in establishing the reality of the phe- 
nomena under consideration. I feel the deepest obligation to the 
astronomers. who have helped me in my task by permitting me to 
use their results. 


GRONINGEN 
February: 1914, 


Addendum to Kapteyn, “On the Individual Parallaxes of the 
Brighter Galactic Helium Stars, ....” Mt. Wilson Conir., 
No. 82. After line 6, p. 37, insert: 

For 7 of the remaining stars in List 3 (100 4 =176), viz., Boss 2187, 2342,, 
2217, 2267, 2408, 2575, 2880," for which the divergence p,—- exceeds 50°, 
the probability is very great that the excessive values are caused in great part 
by observation error. It is for this reason that, before computing the parallax, 
I diminished the value of ~o>—- by one-third of its amount. This certainly 
isa somewhat arbitrary way of dealing with the matter, but it is to be remarked: 

a), That the adopted change in the position angle is, in all cases but one, 
smaller than its probable error. 

b) That, most likely, the procedure must bring us nearer to the truth. 

c) That the value of the parallaxes of the stars in question—whether we 
take the corrected or the uncorrected values—is next to nothing, as the probable 
errors range from o. 48 to 1.06 times the whole amount of the parallax. 


*For Boss 2880 instead of p,-—p,= —40°, read —60°. 


18 


Contributions from the Mount Wilson Solar Observatory, No. 84 
Preprinted from the Astrophysical Journal, Vol. XL, 1914 


A VERTICAL ADAPTATION OF THE ROWLAND 
MOUNTING FOR A CONCAVE GRATING 


By ARTHUR S, KING 


A concave-grating spectrograph recently mounted in the Pasa- 
dena laboratory of the Mount Wilson Solar Observatory embodies 
some new structural features which will be described in this paper. 
It provides for a grating of 15 ft. (4.57 m) radius, and, optically 
considered, is the Rowland mounting with the plane of the focal 
circle vertical. This permits placing the grating in a pit beneath 
the laboratory floor, thereby obtaining the constancy of tempera- 
ture which has proved highly advantageous with plane-grating 
spectrographs, while the slit and the plate-holder are at a convenient 
height above the floor. The apparatus is so constructed that it 
may be operated in a fully lighted room and occupies a minimum 
of floor space for an instrument of this kind. 

The portion of the spectrograph above the laboratory floor 
is shown in Plate I. The plate-holder moves on a horizontal track, 
50.5 cm above the floor, supported by a frame of channel iron 
placed over a slot in the cover of the pit used for the vertical Littrow 
spectrograph. When the plate-holder carriage is as near the slit 
as possible, the spectrum may be photographed as far as A 2000 
in the first order. When at the extreme end of the track, \ 7000 
in the second order is reached, the third order being thus covered 
for the range to which ordinary plates are most sensitive. 

The instrument is shown in elevation in Fig. 1. The frame 
carrying the two vertical rails is of angle-iron fastened firmly to 
the concrete wall of the pit. The grating-holder is a cast-iron box, 
with an extension at one side which is bolted to the web of the 
I-beam girder, 10 cm wide, connecting with the plate-holder car- 
riage. This girder extends in a line with the side of the grating 
box for 185 cm, then offsets 6.5 cm inward in order that the web 
may align with the inside of the plate-holder carriage to which the 
upper end of the girder is fastened. Within the grating-holder is 
an iron plate 18.527 cm on which the grating rests, the latter 
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being held in place by four brass strips screwed to the plate. At 
each corner of the plate are push-and-pull screws, which serve to 
adjust the inclination. The grating is centered and adjusted for 
orientation by screws passing ‘through the inclosing brass strips, 
their ends resting lightly against the edge of the grating. 

In this mounting, a counterweight for the grating carriage is 
required, and must be of variable weight, since, as the plate-holder 
carriage is moved outward from the slit, the pull exerted in raising 
the grating becomes more nearly normal to the vertical track. 
Steel cables are fastened to each side 
of the grating box (see Fig. 1), pass 
at an angle to small idlers and thence 
over pulleys at £ to the counterweight 
below F. The lower portion of the 
system is shown in Fig. 2. W isa 
mass of iron forming the constant 
weight, and below this is suspended 
a cylindrical tank T. From the bot- 
tom of 7, a flexible metal tube passes 
to a fixed reservoir R, containing a 
quantity of heavy oil and suspended 
below a platform used for the ad- 
justment of the spectrograph. The 
height of this reservoir is so adjusted 
that when the grating is on the lower 
portion of its track, where only the 
weight W is needed, T is so high that all of the oil is in R. When 
the grating rises to the point where a larger counterweight is 
required, the descent of ZT causes oil to run into it from R, the 
weight increasing in the proportion needed to facilitate the move- 
ment of the grating as it is pulled to the top of its track. 

The slit is at the end of the horizontal track and vertically above 
the grating. A hollow iron casting has at its upper end a brass 
collar which in turn holds the slit-tube and permits the regulation 
of the height of the slit. A key-way prevents turning within the 
collar, the orientation of the slit with respect to the grating rulings 
being adjusted by turning the collar within the iron casting. This 
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movement is controlled by a tangent screw, and the angle, marked 
by a scale and pointer, may be read to 0°05. The slit was made by 
Hilger. Its divided head reads to 0.005 mm and its length is 
adjustable to 18 mm by means of a wedge-shaped opening. As the 
light from a source in the laboratory must in general be reflected to 
the slit, a holder for a mirror or a total reflecting prism is mounted 
as shown in Fig. 1. 

The plate-holder carriage (Plate I and Fig. 1) consists of a 
hollow iron casting moving on four grooved wheels. The sloping 
extension toward the slit, usually required in order that light may 
reach all parts of the plate, can be replaced by a vertical iron plate 
(at H, Fig. 1) when a close approach to the slit is desired. The 
opening between the tracks is rendered light-tight by overlapping 
boards and felt curtains attached to the ends of the carriage by 
means of spring rollers. 

The side walls of the carriage are cut away along a circle as 
shown in Fig. 1, and a ledge at each side, 2.5 cm below the edge 
of this opening, supports a rotating section to which the girder is 
attached and on which the plate-holder lies. This is shown in 
section, with side and end elevations, in Fig. 3. The I-beam girder 
connecting the plate-holder with the grating carriage is attached 
to the inside of the rotating section by four bolts in slotted holes, 
and the distance from plate-holder to grating may be altered by 
means of the push-and-pull screws at J. 

The plate-holder is carried on a sliding brass bed above an open- 
ing 4X52 cm in the top of the rotating section of the carriage and 
moved by means of the screw F. Ledges projecting from each side 
of the casting (see section at right of Fig. 3) carry a shutter used 
to limit the width of spectrum admitted to the plate. Hinged 
connections at the ends of the blades of the shutter (that at one 
end being shown in the top plan of Fig. 3) enable them to be brought 
into contact or separated to a distance of 3.3 cm by moving the 
handle B in or out. The whole shutter, with its blades at a fixed 
distance apart, may be moved across the spectrum by means of 
the screw C, so that in addition to regulating the length of spectrum 
lines in ordinary photographs, successive spectra for close compari- 
son of wave-lengths may be taken by moving the shutter as a 
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whole, or a narrow strip of spectrum may be superposed on any 
part of a wide strip. 

A further attachment for photographing parts of a spectrum 
on each side of another spectrum without risk of instrumental shift 
consists in a brass plate which may be placed just above the shutter. 
A slot contains a rectangular brass frame which may be rotated 
through go° about its longitudinal axis, admitting first a strip of 
spectrum in the middle and then one at each side. The rotation 
is accomplished by means of a key inserted at # through a hole 
in the rotating section of the carriage. If the hole at one end is 
covered owing to the position of the carriage on the track, a similar 
hole at the other end will be exposed. When the key is not in use, 
the hole is closed by a screw plug. 

f SSL. 
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Fic. 4.—Design of holder for photographic plate. Scale=1:2 


The plate-holder is of brass and fits into the sliding bed already 
described. A ledge B (see Fig. 4), curved to a radius half that of 
the grating, supports a photographic plate 4.746 cm which is 
bent into position by the rectangular brass frame C held down by 
springs attached to the under side of the cover D when the latter 
is clamped in position. In case a celluloid film is used, the ends 
may be inserted under spring clamps at each end of C which hold 
the film stretched while C is put in position. 

Instead of a sheet-metal slide in front of the plate, the move- 
ment of which would be interfered with by the construction of the 
carriage, a strip of opaque black cloth is used, whose edges run 
in deep grooves in the face-plate of the holder (A, Fig. 4). Tapes 
attached to the edges of the cloth connect with spools, E, at the 
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ends of the plate-holder. A geared wheel F, attached to a pin 
rotated by hand, permits each spool to be turned rapidly in open- 
ing or closing the plate-holder. 

The mounting retains all’of the good features of the regular 
Rowland form. In addition there is a great gain in the excellent 
temperature control given by the pit. The grating and the con- 
necting girder, the two parts most sensitive to temperature changes, 
are protected to an extent difficult of attainment in a laboratory 
room. During the two months following the completion of the 
instrument the temperature at the level of the grating changed but 
1°25 C. Thermometers hung at the upper and lower ends of the 
grating’s run have never shown a difference of more than 0°2 C. 
and often agree within less than o°1. The rigidity of the apparatus 
has been tested several times by furnace exposures lasting three 
hours or more, and by one photograph of the iron arc spectrum 
which was divided over a seven-hour period, extending from 
morning till evening, the exposures being made at the beginning, 
middle, and end of the time. No difference in definition could 
be detected between this divided exposure and short exposures on 
adjacent portions of the plate taken at the beginning and end of 
the test. 

As a minor advantage, this form of mounting requires but little 
floor-space, a narrow space against a wall, or a hallway, being sufh- 
cient. As no darkening of the room is required, the operation of the 
instrument need not interfere with other work being carried on in 
the laboratory. 

The reflection of light to the slit from a source under examina- 
tion, while usually convenient, is not always necessary. Thus a 
vacuum tube or an arc or spark used horizontally may be placed 
directly over the slit. When this is not feasible, the observer will 
select the reflecting surface giving the greatest efficiency for the 
region of spectrum under examination. Mirrors of silver and of 
speculum metal and right-angled prisms of glass and of quartz 
have been used thus far. 

The grating used is one of exceptional quality, ruled by Dr. 
J. A. Anderson on the Rowland machine. The ruled surface is 
5.1X10.6cm, with 590 lines to the millimeter. While the light 
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is largely in the first order on one side, the second and third orders 
are sufficiently bright to give good efficiency for the range allowed 
by the spectrograph. 

For aid in planning the instrument, the writer is greatly indebted 
to Mr. Pease, who designed the main structural features, and to 
Mr. Nichols, of the draughting department, who introduced 
numerous devices which have added to the convenience of opera- 
tion. The construction in the machine-shop and the mounting 
in the laboratory have been under the care of Mr. Ayers and Mr. 
Shumway, who have spared no pains to make the parts of the 
spectrograph accurate and easy of operation. 


Mount WILson SOLAR OBSERVATORY 
January 26, 1914 
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SOME ELECTRIC FURNACE EXPERIMENTS ON THE 
EMISSION OF ENHANCED LINES IN A 
HYDROGEN ATMOSPHERE 


By ARTHUR S. KING 


The following experiments have been carried out in order to 
test the hypothesis that the presence of hydrogen may facilitate 
the emission of those lines which are intensified in the spectrum 
of the electric spark. That hydrogen may have such an influence 
was suggested by the experiments of Crew,’ confirmed later by 
Hartmann,” on the arc in a hydrogen atmosphere, which has a 
distinct effect in strengthening the enhanced lines of metals. It 
is known, however, that the arc, with either metallic or carbon 
terminals, is maintained with much more difficulty in hydrogen 
than in air, the same length of arc requiring higher potentials. 
In a later work, Crew‘ showed by graphical methods that a higher 
potential gradient was produced by the presence of hydrogen around 
the arc, which thus furnished an approach to the conditions of the 
spark discharge. Although the evidence has thus indicated from 
the first that the action of hydrogen was to alter the discharge 
conditions, occasional reference has been made, the latest being in 
a paper by S. A. Mitchell,5 to the possibility that hydrogen in stellar 
atmospheres affects by its presence in some unknown manner the 
emission of enhanced lines by metallic vapors. 

The arc is obviously unsuited to test this question, on account 
of the changes mentioned. The electric furnace, on the other hand, 
seems especially adapted, since the graphite tube, when raised to a 
given temperature, may be expected to perform its functions as an 
exciting source independently, to a large degree, of the surrounding 


t Astrophysical Journal, 12, 167, 1900. 
2 [bid., 17, 273, 1903. 
3See C. D. Child, Electric Arcs, p. 83. 
4 Astrophysical Journal, 20, 274, 1904. 
5 [bid., 38, 407, 1913. 
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gas, leaving the effects of mixed vapors, density, and total pressure 
to produce any effects that may be observed. 

The experiments have included the production of the enhanced 
lines with the furnace in a partial vacuum and in hydrogen at vary- 
ing pressures up to one atmosphere, and the use of greatly differing 
amounts of titanium. Thirty-three spectrograms were made, each 
of the important conditions being tested at least twice and in some 
cases several times. 


EXPERIMENTAL METHOD 


The tubes used in the electric furnace were of specially purified 
graphite, 12.5 mm inside diameter, rg mm outside diameter, and 
30.5 cm long, and were charged with pulverized titanium carbide. 
The heated portion of the tube was inclosed by a protecting tube 
of graphite of 3.2 cm internal diameter, which prevented a rapid 
loss of heat by the furnace tube. A potential of 25 volts with a 
current of about 1500 amperes brought the tube to a temperature 
close to 2600° C. in one minute, with little change in temperature 
thereafter, even when the hydrogen was at atmospheric pressure. 
A Gaede oil pump reduced the furnace chamber to a pressure of 
less than 1mm. Observations were made for this pressure when 
the residue was air and also when the furnace had previously been 
filled with hydrogen. In both cases, a considerable quantity of 
occluded gas was driven off, and at low pressure the pump was not 
able to remove this fast enough, the pressure gradually rising dur- 
ing the run of the furnace to about 10mm, which is the lowest 
fmal pressure used in the experiments. Various initial pressures 
of hydrogen up to one atmosphere were used, and, provided the ° 
pressure desired was as much as tro mm, it was possible to secure 
constancy by frequently opening the connection with the pump. 
The hydrogen was prepared from zinc and sulphuric acid and passed 
through vessels containing sulphuric acid and caustic potash. 
Before a trial with hydrogen, the furnace was usually flushed three 
times with the gas, and again pumped out, after which hydrogen 
was admitted to the desired pressure. 

The spectra were photographed with the second order of a 
concave grating of 15 ft. (4.5 m) radius, mounted in the vertical 
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spectrograph... The region covered was from \ 3900 to \ 4700 
and all adjustments of the spectrograph remained the same through- 
out the series. Seed ‘‘23” plates were employed, giving sufficient 
contrast to bring out the faint enhanced lines in spite of the rather 
strong continuous ground given at the high temperature. The 
exposure times ranged from one to two minutes according to whether 
or not the tube and graphite protector were hot from a previous 
run. 

The titanium enhanced lines brought out most distinctly by 
the furnace were AA 4300.21I, 4395.201, 4443.976, 4468.663, 
4501.448, 4534.139. These are the strongest of the enhanced 
lines in this region and their behavior may be taken as typical of 
the group. Several plates were first taken with the furnace 
chamber pumped out, which confirmed the previous observations? 
as to the appearance of the enhanced lines in the high-temperature 
spectrum. The series of photographs with a hydrogen atmosphere 
was then begun with initial pressures at less than 1 mm and at 5 mm, 
the pressure rising during the run as has been noted. These were 
followed by plates for which the pressure was held constant at 
IO, 20, 40, 100, 200, 400 mm, and finally at atmospheric pressure. 
In case several pressures were used successively with the same tube, 
the chamber was pumped out and fresh hydrogen admitted between 
successive exposures. Tests with the same pressures in a different 
order were then made with a new tube. Pyrometer measurements 
were taken regularly and during the latter half of the exposure the 
readings under all conditions indicated a temperature differing not 
more than 50° from 2600° C. 


RESULTS 


1. Effect of hydrogen at various pressures.—No distinct effect 
on the intensity of the enhanced lines resulted from the use of 
hydrogen up to a pressure of ioomm. At 200mm, a weakening 
was perceptible, which became quite distinct at 4oomm, while 
five photographs in hydrogen at atmospheric pressure showed that 
the limiting pressure had been almost reached for enhanced lines 


= Mount Wilson Contr., No. 84; Astrophysical Journal, 40, 1914. 
2 Mount Wilson Contr., No. 76; Astrophysical Journal, 39, 139, 1914. 
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to appear at 2600° C., only faint traces being seen of the two strong- 
est lines in the group. The efficiency of the furnace in emitting 
the arc lines appeared to be practically unchanged by the hydrogen 
atmosphere. The same exposure times were used throughout, and 
the titanium arc lines came out strongly, even increasing in general 
intensity as the pressure of hydrogen rose, an effect due largely 
to a general widening of the arc lines at higher pressures and to 
more numerous reversals. The enhanced lines do not seem to be 
especially sensitive to changes in the amount of hydrogen present 
as long as the pressure is low, but increasing the pressure from 
roomm up to atmospheric pressure exerts a progressive effect 
in suppressing them. 

2. Effect of vapor-density—The influence on enhanced lines of 
the amount of metallic vapor present has frequently been considered 
in studies of the arc and spark; but in these sources a change in 
density of the vapor results in altering the character of the dis- 
charge. The conditions in the furnace should remain more nearly 
constant with varying amounts of vapor. 

With this point in view, experiments were made with less than 
o.o1gm of powdered titanium and with the regular charge of 
from 1.5 to2gm. The chamber was pumped out and held by the 
pump to a low pressure in each case. 

As nearly as could be judged, the enhanced lines maintained 
the same intensity relatively to the arc lines whether a large or 
small quantity of titanium was used. Certainly there was no 
difference in favor of the smaller amount. The whole spectrum 
was stronger at higher vapor-density, with more continuous spec- 
trum, but, allowing for this, the intensity of the enhanced lines 
appeared to be little influenced by changes in the amount of vapor. 


DISCUSSION 


The experiments indicate that neither the presence of hydrogen 
at low pressure nor the density of the radiating vapor materially 
affects the strength of enhanced lines, but that the total pressure 
is very important. The lines of the arc spectrum are not thus 
affected by the pressure, as they maintain their strength, with 
increasing ease of reversal, up to atmospheric pressure in hydrogen, 
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and experiments" have shown that a rich spectrum of titanium arc 
lines is given by the furnace with pressures as high as 16 atmos- 
pheres. The evidence thus indicates that if the vapor is raised 
to a sufficiently high temperature in the furnace the arc lines will 
appear, while experiments with the furnace and with the tube arc 
and the ordinary arc at low pressure have shown that the enhanced 
lines are brought out best in a partial vacuum, a condition favorable 
to all of the phenomena of electro-luminescence. 

The probable manner of the production of enhanced lines in 
stellar atmospheres appears much clearer since the discharge of 
electrons from hot bodies has been investigated for the relatively 
low temperatures of the electric furnace, this action having been 
shown by Harker and Kaye? to be strong at atmospheric pressure 
and by the writer? to persist at much higher pressures. The high 
stellar temperatures, especially when combined with low pressure, 
may thus be expected to duplicate the electronic speeds obtained 
in the arc and spark by steep potential gradients, a condition estab- 
lished by much evidence as favorable to the enhanced lines. 

The relative strength of enhanced lines in the chromosphere 
would thus seem to follow from the rarefied condition at these 
levels of the solar atmosphere, which allows a high speed to be 
retained by the electrons expelled from the heated matter below 
and striking any vapor particles which may be present above. 
The conditions of rarefied vapor and presumably lower temperature 
are unfavorable for the arc lines, which are relatively weak in the 
chromosphere. 

This point of view leaves the strength of enhanced lines as a 
valuable criterion for the temperatures prevailing in stars and in 
different regions of the solar photosphere at the levels where the 
electrified particles are produced. Thus the reduced strength of 
enhanced lines in sun-spot spectra seems valid as evidence of a 
lower temperature for those regions, since such a reduced tempera- 
ture, if the pressure is not materially different, would result in the 
production of lower-speed electrons and in reducing the velocity 


t Mount Wilson Contr., No. 60; Astrophysical Journal, 35, 183, 1912. 

2 Proceedings of the Royal Society, 86 A, 379, 1912. 

3 Mount Wilson Contr., No. 73; Astrophysical Journal, 38, 315, 1913. 
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of those drawn in from the surrounding regions. The view involves 
no contradiction to the hypothesis advanced by Mr. Hale’ that 
electrons are drawn in by solar vortices so as to be very numerous 
in sun-spots, as the production of enhanced lines appears to be 
governed by the speed and not by the number of the electrons. 


SUMMARY 


t. The experiments here described have failed to show any 
effect of a hydrogen atmosphere in strengthening enhanced lines. 
They appear in the furnace at low pressures with equal ease 
whether hydrogen is present or whether the furnace contains 
a residue of air. 

2. Widely different amounts of titanium vapor at low pressure 
and the same temperature have shown no material effect on the 
relative intensities of enhanced lines. 

3. Increasing the pressure of hydrogen, the temperature being 
held as nearly constant as possible, causes a progressive weakening 
of the titanium enhanced lines, until at atmospheric pressure only 
traces of the strongest are visible in the furnace spectrum. 


Mount Witson SoLrar OBSERVATORY 
March 21, 1914 


* Mount Wilson Contr., No. 71; Astrophysical Journal, 38, 27, 1913. 
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INTERMEDIATE DEGREES OF DARKENING AT THE 
LIMB OF STELLAR DISKS WITH AN APPLICATION 
10 THE ORBIT OF ALGO 


By HARLOW SHAPLEY 


Examples have been given? by the writer of the solution for 
the orbital elements of eclipsing binaries on the hypothesis that the 
stellar disks are darkened to zero at the limb according to the cosine 
law given in a later paragraph. Such a degree of darkening for 
light-emission in the visual part of the spectrum is somewhat in 
excess of that measured on the sun. If we assume an intermediate 
degree of darkening, for instance, one that would make the bright- 
ness at the limb one-third or two-thirds that of the center, it is not 
difficult to derive the orbital elements from a light-curve when 
the orbit has already been computed on the limiting assumptions of 
uniformly luminous and completely darkened disks. In fact, it will 
be shown that the interpolation of “‘intermediate”’ solutions will be 
sufficiently precise when uniform and darkened’ elements are 
known. 

The method of treating this problem has been outlined in a 
former paper.’ In this note the details of numerical solutions are 
omitted and the results only are presented in order to show in what 
manner the various sets of elements differ from each other, and to 
what extent the orbit of a well-observed star is uncertain because 
of our lack of knowledge of the amount of atmospheric absorption 
on stellar surfaces. 

I have undertaken for this investigation a discussion of the orbit 
of Algol, partly because of the intrinsic interest of the system and 
partly because of the high quality of the light-curve by Stebbins.s 


1 Mt. Wilson Contr., No. 86. 

2 Astrophysical Journal, 36, 269, 1912; 37, 154, 1913. 

3 “Darkened” used in this sense means “completely darkened,” that is, darkened 
to zero at the limb. 

4 Astrophysical Journal, 36, 401, 1912. 

5 Ibid., 32, 189, IgI0. 
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A number of more or less extensive memoirs have been written con- 
cerning Algol’s light-curve and photometric orbit, notably those by 
Pickering,’ Harting,? Scheiner,? Pannekoek,‘ Rédiger,’ and Steb- 
bins.© All of the early solutions for orbital elements naturally 
neglected the secondary minimum and the reflection effect, and 
consequently it is not surprising that the photometric orbit derived 
by Stebbins and those presented in this note should be radically 
different from all that precede. The orbit of the system is, 
however, as yet by no means definitely solved, notwithstanding 
the enormous amount of labor—photometric, spectroscopic, and 
computational—that has been devoted to it, and the high accuracy 
with which the light-curve is now known. Stebbins’ solution was 
based on the assumption of uniformly luminous disks and gave as 
one result that the faint companion is larger than its primary. My 
uniform solution, derived by another method, gives, as would be 
expected, elements practically the same as those obtained by 
Stebbins; but making the better assumption that the stars are 
considerably darkened at the limb, the size of the two components 
is reversed, the fainter one becoming the smaller. 

It will be seen in Table I, which contains the elements computed 
for various degrees of darkening, that the primary star increases in 
relative size as we increase the darkening coefficient «, becoming 
just equal to its faint companion for «= 2/3, that is, when the dis- 
tribution of luminosity is similar to that of the sun. The adopted 
law of darkening at the limb referred to above is 


J=J(1—x+< cos y), 


where J is the apparent brightness of any point on the disk, 
and y is the inclination to the line of sight of the normal to the 
stellar surface. 


* Proceedings of the American Academy of Arts and Sciences, 16, 1, 1880. 
* Untersuchungen tiber den Lichtwechsel des Sternes 8 Persei, Munich, 1889. 


3 Untersuchungen tiber den Lichtwechsel Algols, Bonn, 1882; Populdre Astrophystk, 
Pp. 625, 1908. 


4 Untersuchungen iiber den Lichtwechsel Algols, Leiden, 1902. 
5 Untersuchungen tiber das Doppelsternsystem Algol, Konigsberg, 1go2. 
6 Op. cit. 
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The recent spectroscopic work at the Allegheny Observatory indi- 
cates that the orbit of Algol is sensibly circular. The value of 
the reflection effect found by Stebbins is adopted for this work, and 
the intensities given by him have been “rectified” to allow for 
this rarely observed phenomenon so that the light-curve, for the 
purpose of study, is of the normal eclipse form. The loss of light 
due to primary eclipse is 0.643 in the unit of the maximum light of 
the system; the value for the secondary is 0.055. In addition to 
those given in the summary two other solutions might be mentioned. 


TABLE I 


SUMMARY OF SOLUTIONS 


DEGREE OF DARKENING 
ELEMENTS STEBBINS 
Uniform Intermediate Complete 

Darkening coefficient........ ° ° 1/3 2/3 I 
Ratio of radius bright star to 

RAGKUS paint, Stanye em wee 0.877 0.915 0.961 1.008 1.052 
Fraction of the light of bright 

Star eclipsed at primary. ..+|.....-.... 0.709 0.703 0.698 0.695 
Ra@tusibright star. sa. cess: 0.210 0.208 0.219 0.230 O.2AI 
Radius amt start. 2... ess2- ©. 239 0.228 0.228 0.228 0.229 
iInclinationol orbitas s..6sen=: 82° 18’ -| 83° 2’ 827356! «| 822 er 11 82° ae! 
Light of bright star... ...2.:- 0.897 0.907 0.916 0.922 0.926 
Light of faint star (bright side)} 0.103 0.093 0.084 0.078 0.074 
Relative surface intensity Jo/Jy| 11.4 roam) 11.8 11.6 II.4 
Semi-duration of primary 

eclipseme eer see ee ee 4bs4m 4h4gm 4bsgm gigm strom 
“‘Equal-mass”’ density of bright 

SUA een) ee ar ose (0.089) 0.091 0.078 0.068 0.059 
“Fqual-mass” density of faint 

SCA eee ee (0.060) 0.070 0.070 0.070 0.069 


* Unit of length is the radius of the relative orbit. 


t. From the peculiar nature of the problem, a central annular 
eclipse on the hypothesis of complete darkening becomes a possi- 
bility and an orbit based on such an assumption was computed. 
The resulting light-curve, however, did not give a sufficiently good 
representation of the observed curve as it now stands, though it 
would not necessitate a very marked change in the observed points 
to make this computed orbit quite satisfactory. 


t Science, N.S., 37, 34, 1913- 
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2. The accurate photometric curve of the principal minimum by 
Miiller at Potsdam,! as worked over by Pannekoek,? was made the 
basis of an independent solution for uniform elements, assuming a 
secondary minimum of o™06. The maximum light-observations are 
not definite, but if considered of much weight would show ellipticity 
rather than reflection. The elements derived from this solution are 33 
k=1.00, M%=0.717, M=1=0.23, cost=0.102, L,=0.925. 


TABLE II 


NorMAL MAGNITUDES NEAR PRINCIPAL MINIMUM AND RESIDUALS FROM 
CoMPUTED CURVES 


Macnr- OBSERVED — COMPUTED 
Pasa | PERE RC | ce ieee 

ENCE x=o x= F x=} x=I 
—s5hr8™,...] 0.18 | +o™or |—0.465 | 0.998 | ofoo | ofoo |} ooo | ooo 
—4 22..... 0.20 — .02 [— .388 ete ae ee oe soi |S= acu ae .Oe 
wee) 0.28 Kee} fe eyiKs) LOLS: |—) . OLN Ola aasOT aa Or 
—2 AI 0.55 .00) |=" 243 .723 |— .02 |— .02 |— .02 |— .o1 
—I 30 0.88 = gee Go) 545 .00 .00 .00 .00 
—1I 08 1.09 .00 |—' 2103 -458 .00 .00 .00 .00 
—O 4I ier — .05, |= ..002 -415; |= .02)|4= 202) |= 402 |= 02 
—o 08 i's — .02 |— .o12 .370 |+ .or |+ .or |+ .or |+ .o1 
+o 25 hs Bi -- .04 |-- .038 304) |=", Of ||) 7 Og ee O Ln | —meor 
+o 48 Tees — .06 |-+- .073 -436-|-- .02 |-- .02 |= .02:|-+ .03 
+1 13 1.08 + .o2 |+ .111 .462 |— .or |— .or |— .or |— .or1 
+1 34 0.97 OAM mea 5058 | — 03 o/s OR | O23 sO? 
+2 03 0.69 — .06 |+ .186 .64r |+ .02 |+ .03 |-+ .03 |+ .02 
+2 34 0.64 =F O53 ae . 282 .669 |— .04 |— .04 |— .04 |— .04 
=p? BS 0.42 = soy [ae aR -810 |-- .03 |-F .04 |-4 .03 |-+ .03 
+3 16 0.42 ae 6o2 lap oHiey! -OLO) |=! 02 5/702) O24 || — moa 
+3 50 0.30 + .or j+ .343 .899 |— .02 |— .02 |— .02 |— .02 
+4 14 0.23 SOON Imeoii7; -955 |— .OL .00 rere) .00 
+4 42 0.19 + .Or |-- .416 .989 |— .o1 .00 .00 ete) 
+6 14 0.17 0.00 |+0.539 1.007 |+0.01 |+0.01 |+0.01 |+0.01 


The normal magnitudes for the principal minimum of Algol are 
given in Table II. The co-ordinates of the mean observed points, 
taken from Stebbins’ paper, have been transformed for convenience 
from time and magnitude difference into sin@ and rectified light- 
intensity, where 6 is the phase angle counted from minimum. The 
sum of the squares of the residuals from my computed uniform 
curve is 0.0066; from Stebbins’ computed curve, reducing the 

* Astronomische Nachrichten, 156, 177, 1901. 

2 Op. cit., p. 223. 

3 For the meaning of the notation see Astrophysical Journal, 36, 404, I912. 
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residuals from magnitude to intensity, it is 0.0088. The last four 
columns of the table show that the representation of the observa- 
tions is equally satisfactory for all degrees of darkening—in fact, the 
curves coincide for the greater part of the eclipse. From the 
light-curve alone we cannot hope to distinguish between these 
various sets of elements, and within these limits, at least, the orbit 
is not only entirely indeterminate, but must remain so until the 
question of darkening is answered. 

Referring to the summary of solutions, we see that in this typical 
case satisfactory intermediate solutions can be obtained from the 
uniform and darkened elements by linearly interpolating for the 
radii of the stars, the cosine of the inclination, and the duration of 
the eclipse. The remaining elements are then readily computed 
without the necessity of using the light-curve. 


NOTE ON A THIRD BODY IN THE SYSTEM OF ALGOL 


From the spectroscopic work by Curtisst and Schlesinger? there 
seems to be little doubt that there is a third body in the system of 
Algol with a period of 1.9 years. If the distant component has a 
sensible brightness, its light will affect the computation for the 
orbit of the closer eclipsing pair. It may be appropriate to show 
briefly in what manner such a condition may be met, and to what 
extent the unknown quantity of light would alter the orbital ele- 
ments computed above. 

Uniform solution.—We proceed from the following data which 
were obtained from the solution of the rectified light-curve: 


1—A,=0.643, I—A,;=0.055, x(k, Oo, Z)=1 .gt2, sin? 6’=0.1793 


(usual notation; see Astrophysical Journal, 36, 404 fi., 1912). The 
difference in brightness of the two sides of the close companion is 
0.045 so that the light at principal minimum, in terms of the greatest ° 
light of the system just outside the secondary minimum, is actually 
0.312. Wemay assume any value of a), derive & from the x-func- 
4 T=) te 
tion, and then L, and L, by the equations L,= ee pe Pn, 
t Astrophysical Journal, 28, 156, 1908. 
2 Publications of the Allegheny Observatory, 1, 20, 1908; Science, N.S., 37, 34, 1913. 
Sih 


6 HARLOW SHAPLEY 


(the bright star is found to be the smaller); the remaining elements 
may then be derived in the usual manner. The difference 1— (Lise 
L,)=L, will represent for the various assumed values of a, the 


TABLE III 


Untrorm SOLUTIONS WITH CONSIDERATION OF THE LicuT oF A TuHIrRD Bopy 


Rapius r DENSITY 

%o k I, Ik D Oe Soper pare ar shee a7 a | ar aa 
ea, Faint |Bright| ‘(| ‘Faint | Bright 
TOO eer ee 0.733 |0.643 jo.102 |o.255 10.247 |o.181 | 84° 41’ |o.055 | 0.14 
OxOSh Ente! .74 1677.) =. LOOule 227) | 248) || Sule OAmns amos 4: .14 
OrQORseue st 76 G15 LOO) ||" 2 17 On| ee 246) |) -TO7 alone San eOSO 13) 
Chechordaasugal) oes .004 | = 100) |, 7096 | .238- |) 1198)" 83 927)" 002 iat 
OR7OO0 nance ©.915 |0.907 10.093 |0.000 |0.228 |o.208 | 83 2 |0.070 | 0.09 


light of the distant companion. Ordinarily, when such a contribut- 
ing light-source is not suspected, the adopted values of a, and k 
are those unique values that give 1—(Z,+L.)=o. L, is the light 
of the bright side of the close faint companion; that of the side seen 
at principal minimum is L,—o.045. ‘The light remaining at that 
time is, then, 

L,+(1—o)£,4+L,—0.045=0.312 


which is a relation that can be used to check the computations. 
We thus derive in Table III various sets of elements, each one being 
the best uniform solution for the corresponding value of the light 
of the third component, L;. If the principal eclipse is assumed 
total, the third body may have as much as one-fourth of the whole 
light of the system, but under no condition more than that amount. 
The last solution is the one that gives L,+L,=1, and therefore 
yields the same set of elements as given in Table I. 
Darkened solution.—The equations in this case are 


05053) ie noieooe 
ay a0 (k,a4) 0) ‘ 


if we assume that the small star is the brighter and is eclipsed at 
principal minimum; but if the larger star is the brighter, we have 


x(k, oy 4) =1.912, L,= =1—-L,—-L, 


Ay _ 0.055 ne: 0.043 _ ” , , 
x(k, a¢, 4)=1.912, L,= aes ibe ZO(E, af) 7? ay Q(k, 1) =aQ(k, a4). 
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The derivation of the sets of elements is then similar to the pre- 
ceding case. 


SUMMARY 


1. If the orbits for an eclipsing binary have been computed when 
the darkening coefficient is zero (uniform disks) and when it is 
unity (completely darkened disks), solutions based on intermedi- 
ate degrees of darkening can be obtained by linear interpolation 
for some of the elements (Table I). 

2. The system of 8 Persei has been studied from this standpoint 
with the result that a considerable amount of indeterminateness is 
found to be inherent in the solution. For uniform disks the bright 
star is the smaller, while for completely darkened disks it is slightly 
the larger. Quantitative knowledge of the degree of darkening is 
necessary to remove this uncertainty (Table II). 

3. An outline is given of the method of computing orbits for 
partially eclipsing variables when consideration is made of the pos- 
sibility that a third body contributes a portion of the light, and an 
application is made to Algol to allow for the possible light of the 
distant companion whose period is 1.9 years (Table III). 


Mount WItson SOLAR OBSERVATORY 
June 20, 1914 
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THE SPECTRA OF FOUR OF THE TEMPORARY STARS 
By W. S. ADAMS anp F. G. PEASE 


An important observation by Hartmann’ in 1907 upon the 
spectrum of Nova Persei of 1901 showed that the principal nebular 
lines at \ 4960 and ) 5007, which were very prominent in the spec- 
trum of the star when last observed during its brighter stages, had 
disappeared, and that the spectrum was essentially identical with 
that of the Wolf-Rayet star B.D. +35°4001. The interesting 
question thus raised, whether the disappearance of the principal 
nebular lines is characteristic of temporary stars in their later 
history, makes it desirable to secure spectra of such other Novae as 
can be obtained. Four such stars have been shown by the observa- 
tions of Professor Barnard? to be of the fourteenth magnitude or 
brighter. With the magnitudes which he gives they are as follows: 


Magnitude 
INOVazAuticze of TSot ream. Ee a we 14 
INoVva tPensellOrstooter hme oe ec ae oe 
INovarliacertae ooo. cee mere 1D 5 
Nova; Geminorum No: 2 of 1912-.4.5.4. 45-4: IO 


We have succeeded in obtaining photographs of the spectra of 
all of these stars with a small slit spectrograph at the primary focus 
of the 60-inch reflector. The spectrograph consists of a 60° prism 
of ultra-violet flint glass used with collimating and camera lenses 
of about 16cm focal length by Steinheil. The instrument is 
mounted in the opening of the double-slide plate-holder, and 
after the star has been brought upon the slit the guiding is carried 
on as in the case of direct photography by keeping auxiliary stars 
upon the cross-wires of two eyepieces, one at either side of the 
field, the spectrograph being moved bodily by the guiding screws. 
A diagonal prism mounted in a tube with an eyepiece may be 


t Astronomische Nachrichten, 1'7'7, 113, 1908. 
2 Tbid., 194, 401, 1913. 
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slipped back and forth behind the slit, and enables the observer to 
bring the star accurately upon the slit at the beginning of the 
exposure. 

The photographs in the case of Nova Aurigae and Nova Lacertae 
required exposure times extending over more than one night. 
The observational data are given in Table I. 


TABLE I 
Exposure Time Date Slit Width 
INovayAUTigacs pene ene teas 16 hours | 1914, March 18-22 0.062 mm. 
INoVvasPersel ea Ganee cere 1913, November 27 0.044 
iINOva Wacertae acti cee ene Dies 1913, October 29-31 0.044 
Nova Geminorum No. 2....... 2 1914, February 22 0.044 


Reproductions of the enlarged and widened spectra are shown 
in Plate II. In addition a photograph of the spectrum of Nova 
Geminorum No. 2, taken with the Cassegrain spectrograph on 
October 12, 1913, is added for comparison. Owing to the small 
scale of the photographs and the consequent enlargement of grain, 
many false lines were introduced in the process of widening. 
Accordingly, two reproductions are shown. The first is a direct 
copy of the widened spectra. The second is from a print on which 
many of the false lines have been touched out by hand. Care has 
been taken in this case to leave untouched all parts of the spectrum 
in which true lines are seen on the original negatives. In addition, 
all of the real lines are marked on the reproductions. 

The approximate intensities of the lines in the spectra are indi- 
cated in Table II upon a scale of o to 10. Probably several very 
faint lines are lost in the continuous spectrum which is particularly 
strong in the case of the first three stars. A dash in the table means 
that the line is not seen. 

The single most interesting feature of these results is without 
doubt the absence of the chief nebular lines \ 4960 and \ 5007 from 
the spectra of Nova Aurigae and Nova Persei, and of the nebular 
line \ 4364, which is usually associated with them. The agreement 
of this observation in the case of Nova Persei with that of Hartmann 
in 1907 makes it appear that a spectrum in which these lines are 

42 
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A T i fo) {pW} On 
: « 8 oa 4H ee a OO 
| ae ent | 


Nova 
Aurigae 


Nova 
Persei 


Nova 
Lacertae 


Nova 
Geminorum 
Na: 2 


Nova 
Geminorum 
No. 2 


Nova 
Aurigae 


Nova 
Persei 


Nova 
Lacertae 


Nova 
Geminorum 
No. 2 


Nova 
Geminorum 
No. 2 


Upper REPRODUCTION FROM UNTOUCHED Copy oF WIDENED SPECTRA; 
Lower REPRODUCTION FROM A RETOUCHED PRINT 
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absent must be considered as probably the permanent spectrum of 
this star, and from the similar result for Nova Aurigae it seenis 
reasonable to conclude that the absence of the nebular lines is 
characteristic of Novae in their later history. It is about twenty- 
three years since the discovery of Nova Aurigae and thirteen 
since that of Nova Persei, but only four and two in the cases of 
Nova Lacertae and Nova Geminorum No. 2. 


TABLE II 
Nova Nova Nova Gino ne 
Aurigae Persei Lacertae 0. 2 No. 2 
Plate IIa | Plate IIb 

IEE Soaeetoka uae ets se ive es ote 2 2 2 B 3 
ADOE are SAA eee ete a - Lracer || Lrace I I 
ER ap tse eh sar eee ee ace B B 3 3 2 
ASU Asya recor ee eee ce = = Trace? 5 8 
LSI pct Eee cl ee RI RSS Re = Trace? | Trace? 2 2 
BO ROM eee nk ee cera gecesi ci Trace Trace - 5 4 
OME Vrs Se Ne eaten rene I I 3 Trace 3 
EO Oliewe tant ere, Sak areca oui: 2 5 8 8 5 
1B Poh AiG SER Cn ang EOE 2 2 2 3 3 
POY SNo la ee ahh ear it ee ea oe ara - - 5 4 5 
COO Tee aie eee Ak ai ee oe ee - - 10 8 
Continuous spectrum........ Very Very Very Strong | Trace 

strong strong strong 


The extraordinary intensity of the principal nebular line at 
5007 in the spectrum of Nova Lacertae is its most important 
feature, but a peculiar fact in connection with it is the weakness 
or entire absence of the nebular line at 4.4364. These two lines 
have been ascribed by Professor Nicholson’ to the same vibrating 
atom, and their opposite behavior in the spectrum of this star is 
certainly an unusual feature. 

The three lines at \ 4610, \ 4641, and \ 4686 show remarkable 
differences of intensity in the different spectra, and even on the 
two photographs of Nova Geminorum there are large variations. 
Reference has been made by one of us in an earlier communication’ 
to some of these differences in the case of Nova Geminorum. The 
first line of the principal series of hydrogen at \ 4684 seems to be 
especially subject to fluctuations, and it is interesting to note the 


t Monthly Notices, 74, 488, 1914. 
2 [bid., 73, 742, 1913. 
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great difference in its intensity in Nova Persei as compared with 
Nova Aurigae. 

The intensity of the continuous spectrum of these stars appears 
to depend in general on their age, being greatest for the older Novae. 
The two photographs of Nova Geminorum show how very rapidly 
it may change, the earlier photograph showing hardly more than a 
trace of a continuous background. 

As Hartmann has noted in the case of Nova Persei, and as the 
results show for both Nova Aurigae and Nova Persei, these spectra 
are essentially identical with the spectra of some of the Wolf-Rayet 
stars. With the disappearance of the principal nebular lines and 
the increase in intensity of the continuous spectrum the only 
marked points of difference have gone. This identity of spectrum, 
taken in connection with the well-known agreement of distribution 
relative to the Milky Way of Novae and Wolf-Rayet stars, makes 
it probable that at least a portion of the latter are temporary stars 
in the later stages of their history. 

In the absence of knowledge as to the physical conditions under 
which the principal nebular lines are produced it is, no doubt, 
best to ascribe their disappearance to a change in these conditions 
in the radiating material. In view, however, of the considerable 
amount of evidence of various kinds which tends to support the 
hypothesis that the phenomenon of a temporary star is due to the 
star’s entering a nebila, the suggestion that the disappearance of 
the chief nebular lines is coincident with the emergence of the star 
from the nebula may perhaps deserve some slight consideration. 


Mount WILson SOLAR OBSERVATORY 
July 1, 1914 
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ON THE DISTRIBUTION OF THE ELEMENTS IN THE 
SOLAR ATMOSPHERE AS GIVEN BY FLASH 
SPECTRA 


By CHARLES E. ST. JOHN 


The remarkable eclipse spectrum obtained by Professor Mitchell 
in 1905, the results of the reduction of which appeared in the 
Astrophysical Journal of December 1913, furnishes a body of obser- 
vational data that lend themselves to the statistical method of dis- 
cussion. In sharpness of definition this spectrum without doubt 
surpasses any other published, and probably no plate has been 
obtained more nearly at the proper epoch of the eclipse. 

The general scheme of this discussion is to form numerous 
groups of lines on a simple plan. Each element has been con- 
sidered by itself, and the lines of like solar intensity assigned to it 
have formed the ultimate group. This is necessary when the pur- 
pose is to bring into relief characteristics that are shown only by 
small differences. 

The publication of a discussion of the data by Professor Mitchell 
in the Astrophysical Journal of March 1914 gives an opportunity 
for a consideration of the data from the point of view brought out 
in my papers on ‘‘Radial Motion in Sun-Spots.”! The material 
used in that discussion was furnished by 506 lines, each line being 
measured, on an average, upon 14 plates of high dispersion, so that 
some 7000 differential measures were involved. The number of 
lines in Mitchell’s Table I? is 2841. The present discussion is con- 
fined to the plate ending at 5879, and for the most part to the lines 
not appearing as blends in Mitchell’s table, which reduces the num- 
ber by approximately one-half; but what is lost in quantity is 
more than balanced by the precision obtained when the purity of the 
lines is assured. This is particularly true when characteristics of 


« Mt. Wilson Contr., Nos. 69 and 74; Astrophysical Journal, 37, 377, and 38, 157, 
1913. 

2 [bid., 38, 424, 1913. 
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individual elements and lines are under investigation, as a treatment 
of the data en masse obscures the finer distinctions. 


LEVEL IN GENERAL 


An indication of the low level reached by Mitchell can be 
obtained by comparing the relative numbers of weak Fraunhofer 
lines obtained by different observers as shown in Table I. 

TABLE I 


Fras SpPecTRA LINES CORRESPONDING TO SOLAR LINES OF INTENSITY<1I 


0000 000 fore) ° Total Region p a A 

*Prost/1900 i hie, Seta cise siete on eae eee | cerereiters 5 5 SOV A eran 

{Mitchell’ sooner oa ae lets S| cnc ltearet eters 5 5 TIOO Tiler 

{ Evershed 1900 setae cles seen 5 20 25 TSO" s| sence 

SJewellitqoor ss) servos eta ee eters I 2673 26 3G M2500) sleeves 
Mitchellizq0s) ssc 20 87 220 278 605 | 2500 21 

Hale and Adams with- 

Outleclipsesanee eee ae 34 46 17 8 105 180 80 


* Astrophysical Journal, 12, 307, 1900. 

t Ibid., 15, 97, 1902. 

t Phil. Trans. Roy. Soc., 201 A, 457, 1903. 

§ Publications U.S. Naval Obs., 4, Part 4, Appendix 1, 121, 1906. 
{ Mt. Wilson Contr., No. 41; Astrophysical Journal, 30, 222, 1909. 


It is seen that 21 per cent of the lines observed by Mitchell are 
weaker than 1 on the Rowland scale of intensity and that the pro- 
portion reported by other eclipse observers is vanishingly small, 
while 80 per cent of those measured on the Hale and Adams plates 
are weaker than unity. It is especially noticeable that the ratio 
of the number observed by them to the number observed by Mit- 
chell increases with decreased Fraunhofer intensity. In obtaining 
flash spectra without an eclipse, the slit of the spectrograph is held 
rigorously tangent to the edge of the photosphere by guiding upon 
a chromospheric line. This can be done with great precision and 
constancy by the method employed, and assures the possibility and 
the probability of the appearance upon the Hale-Adams plates of 
lines originating in the lowest levels of the solar atmosphere. From 
the clever method of Mitchell for fixing the critical instant of expo- 
sure, it is clear that the spectrum corresponding to practically the 
entire depth of the solar atmosphere could impress itself upon the 
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plate, and the richness of his plate in weak lines and the paucity of 
such lines upon the previous eclipse plates are probably accounted 
for by their exposures being ended too soon—that is, before the 
advancing moon had uncovered the whole depth of the atmosphere; 
or perhaps too late—that is, after the continuous spectrum of the 
photosphere had obliterated the weaker lines in the flash spectrum. 

The above comparison appears to sustain the assumption, not 
only that the weaker Fraunhofer lines originate at lower depths, but 
also that these depths increase regularly with the decreased intensity 
of the solar lines. 


THE BEHAVIOR OF SOME TYPICAL ELEMENTS 


Iron.—¥rom the long list of lines, 356 were selected as due only 
to iron, the ground of selection being that no other identifications 
were suggested by Mitchell; that is, they were not blends nor were 
they bracketed with other lines. From these, which include all the 
pure iron lines, the enhanced lines were excluded and the remaining 
lines were classified according to the Rowland intensities with the 
result shown in Table II. 

TABLE II 
Fe Lines AND LEVEL AS SHOWN BY FLASH SPECTRA 


Number of Lines 


Solar intensities. .| oo ° I 2 3 4 8 6 ty 8 A. 


Flash intensities. .| 0.25 |0.26]0.33| 0.8 | 1.4 | 1.6 | 2.0] 3.5] 3.8 7.0 
Heights in km...| 275 | 279 | 288 | 344 | 369 | 397 | 425 | 488 | 59 806 


The regular progression shown by the flash intensities and the 
mean of the heights assigned to iron lines corresponding to like 
Rowland intensities, as these intensities increase from oo to 16.4, 
lead to the conclusion that in a quite definite sense one is justified 
in saying that the lines of iron of a given intensity in the Fraunhofer 
spectrum extend to quite definite elevations. The regular march 
of the elevations with solar intensities is more plainly shown when 
the intensities are plotted as abscissae and the heights as ordinates. 
As a convenient scale, in lieu of a better, the numerical intensity 
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intervals are used as abscissae. Owing to the uncertainty in the 
Rowland intensity intervals the smoothness of the resulting graph 
(Fig. 1, 2) cannot be interpreted, of course, as meaning that intensity 
and height are directly proportional, but only that the heights and 
the intensities progress together. 

Titanium, scandium, and yttrium.—These related elements 
are interesting components of the solar atmosphere and may con- 
veniently be considered together. A common characteristic is the 
high proportion of enhanced lines. As clear a separation as possible 
has been made between the normal or unenhanced lines and the 
enhanced lines. As there are several degrees of enhancement, it 
is probable:that some enhanced lines still remain. For titanium, 
the table given by Reese’ has been of service, and the information 
given by Mitchell’s tables has rendered it possible to make a rather 
close separation for all elements. The large number of enhanced 
lines in the titanium spectrum shows so clearly the behavior 
of this class of lines that it has furnished criteria for separating the 
lines of the other elements. 

TABLE III 
TITANIUM, SCANDIUM, AND YTTRIUM 


Number of Lines 


Element 
7 19 18 18 21 14 fe) 4 
Solar intensity. ..... cco | 00 I ° 2 3 4 5 | Titanium 
Flash intensity...... OT | O.25|0. 47) 0.0 [at eS) tr Ouleon On poeonl acne a 
Height errr eters 271 | 290 | 347 | 353 | 3890 | 429 | 404 | 487 
Number of Lines 
Element 
5 9 5 r0 3 3 

Solar intensity....... 000 | 00 ° I 2 3 | Scandium and yttrium 
Flash intensity. ...... o | 0.25| 1.0 | 1.6 | 1.3 | 1.0 | Weighted means 
Heighttancta tse 290 | 295 | 360 | 385 | 483 | 433 | Fig. 1,¢ 


Lanthanum group= La, Ce, Dy, Er, Eu, Gd, Nd, Pr, Sa.—The ele- 
ments La and Ce, according to the conclusions of Adams from his 
investigations on the spectrum of the limb and center of the sun 
and from his study of solar rotation, are at a low level in the solar 


* Astrophysical Journal, 19, 322, 1904. 
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atmosphere, and the same conclusion was reached in the writer’s- 
discussion of the data obtained from the displacements in the 
penumbrae of sun-spots. . 

Carbon.—It is probable that the lines referred to carbon are due 
to cyanogen’ or to nitrogen, but for convenience of reference, the 
older designation will be used. Grotrian and Runge have recently 
obtained the cyanogen bands in the presence of nitrogen, when 
both cyanogen and carbon were evidently absent.? 

The low level of carbon was remarked by Adams in his rotation 
work, and by the present writer in the second paper on radial motion 
where reference was made to the weakening of the carbon or cyano- 
gen lines in the arc in the presence of metallic vapors. The high 
proportion of the weakest carbon lines on the chromosphere plates 
of Hale and Adams and upon the eclipse plate of Mitchell is evi- 
dence of the low-level origin of these lines. 


TABLE IV 
La Group AND CARBON 


Number of Lines 
Element 

I 7 27 18 8 Io 2 j 
Solar intensities; ..4 4,-2.2 0000 | 000 | 00 ° I 2 3 | La group 
Blasiantensities;mer race Se) |) Siz? |) eyes) |! Wee | Fe @ce} || Bae) || Wyre se 6 
TCI gHtS Sie ein nee ere tee 250 | 329 | 354 | 382 | 406 | 305 | 550 

Number of Lines 
Element 

6 13 Io 7 7 4 
Solamintensities).. «cei. 1. 0000 | 000 | 00 ° I 2 | Carbon 
Flash intensities. ......+.%.. Chin |) One | Se Ceo || Oakh | ath) LNs, te 
EFCIQ AES, ere ieee eee as 342 | 342 | 335 | 443 | 479 | 738 


The curves showing the relation between height and the Row- 
land intensities for the elements Ti, Sc-Y, the La group, and 
CN are given under ¢, e, g, and 7 in Fig. 1. When one considers 
the number of observations upon which the points depend, the 
uncertainties that occur in estimating the lengths of arcs, and the 

t Kayser, Handbuch der Spectroscopie, 5, 229. 


2 Physikalische Zeitschrift, 15, 545, 1914. 
3 Mt. Wilson Contr., No. 74, pp. 6-7; Astrophysical Journal, 38, 162-163, 1913. 
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increased regularity that accompanies increased weight, the con- 
nection between Rowland intensity and height is quite evident. 

An estimation of the aecuracy to be expected in the reduction 
of eclipse plates may be had from considering the heights and 
flash intensities. Mitchell says that “equality in height must 
entail an equal intensity in the flash spectrum.’” In Fig. 1 are 
shown graphically the relations between heights and flash intensi- 
ties, and though more observations are at our disposal, the regularity 
of the graphs is no greater than when Rowland intensities are used 
as abscissae. There are discordant observations in both cases, 
lines of equal flash intensity giving widely different heights, lines 
of very unequal flash intensities giving equal heights, and lines of 
the same solar intensity giving different heights—and this last 
is particularly true for elements with strong lines to the violet of 
d 3850, in which region the apparatus was much less sensitive, owing 
to the low reflecting power of silver and speculum metal and to 
the decreased sensitiveness of the photographic plate. These dis- 
cordant observations do not weaken the general statements that 
lines of equal mean intensity correspond to equal heights, and 
that lines of a given flash intensity mean equal heights, but rather 
tend to strengthen them, for if, in spite of these discordances, the 
means show that heights progress with both Rowland and flash 
intensities, it seems there must be a fundamental truth underneath 
the statements. 

In saying that the Fraunhofer lines of intensity 4, for example, 
are at a definite elevation in the solar atmosphere, it is meant that 
when a sufficiently large mass of data is treated statistically it 
results that the lines of intensity 4, as a group, are of a higher level 
than those of an intensity less than 4, and at a lower level than 
groups of intensities greater than 4. The case is quite similar to 
that of stellar distances and proper motions. It cannot be said of 
a definite star with large proper motion that it is a near star, but 
out of a hundred stars with large proper motions it can be quite 
safely assumed that a very large majority are of the near-star group. 
There are undoubtedly differences between the effective levels of 
lines of equal solar intensity, just as the writer showed that there 

t Astrophysical Journal, 39, 128, 1914. 
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are differences in the radial displacements given by lines of like 
solar intensity, and that these differences are related to the classi- 
fication of iron lines on other grounds. A thing that is generally 
true must first be established in its broad outline, and later, when 
some individual members of a group show themselves as definite 
exceptions, they offer a new means of obtaining added information 
and of pushing the analysis yet a step farther. It is yet too early 
to emphasize the exceptions, though data are accumulating that 
promise the added information. In the writer’s opinion the 
criterion demanded by Mitchell in discussing this question is too 
exacting, when he requires that all lines of a given solar intensity 
must always be represented in the flash spectrum by lines of equal 
height." 

Some idea of the weight to be given to the means of the groups 
containing lines of like solar intensity may be had from an analysis 
of the group made up of solar intensity 3. This contains 72 lines 
and has a mean height of 369 km. Mitchell’s estimates are made 
in 50 km steps so that heights of 350 and 400 km come nearest to 
this mean. A high degree of precision in any single measurement 
is an error of one unit of the scale, which in this instance is 50 km, 
so that heights of 300 and 450 km would still be within the range of 
error. Ninety per cent of the lines are within these limits. The one 
line below the lower limit is assigned a height much less than the 
average for lines of the same flash intensity, and the six above the 
upper limit are assigned heights greater than the average for lines 
of their flash intensities. 

TABLE V 
HEIGHTS AND RapiAL DISPLACEMENTS OF IRON LINES 


Solar intensities... . fore) ° I 2 3 4 5 6 7-9 |10-40 
Heights eS ene re 275 279 | 288 | 344 | 369 | 307 | 425 | 488 | 590 | 806 
Displacements. .... +0 .034/0.030]0.028)0.025|0.023|0.021/0.019|0.016/0.010/0. 002 


A comparison of the eclipse results for the iron lines with the 
radial displacements for lines of the same solar intensities is of » 
interest, as the increasing displacements with decreased intensity 
were interpreted as consequences of greater depths. 

* Astrophysical Journal, 39, 128, 1914. 
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The progressive decrease of displacements with increase of 
heights is a phenomenon that appears to find its straightforward 
interpretation in differences of effective level; that is, at the lowest 
height given by the iron lines, the vapors are flowing out of the 
spot tangential to the surface with the highest velocity, at greater 
heights the velocity is less, and the lines of greater solar intensity 
originate at these higher levels. 


THE DISTRIBUTION OF THE ELEMENTS 


When one considers the maximum height at which the different 
elements can be detected by flash spectra, a vertical distribution is 
shown that confirms the distribution obtained from the considera- 
tion of the sign and magnitude of the radial displacements; that is, 
the highest level is given by the H and K lines of calcium, the next 
by the hydrogen lines, while the heavy elements appear only in the 
lower portions of the solar envelope.t. The vertical section of the 
solar atmosphere, in Fig. 2, is drawn to scale from data taken from 
Mitchell’s first paper, the mean values being used where there are 
several lines of the same solar intensity. Some related radial dis- 
placements are also given. As in the terrestrial atmosphere, the 
percentage composition of the heavy elements is greatest in the 
lower portions, the lighter elements gaining in percentage, but 
decreasing in absolute density with height. 

The distribution of the elements in accordance with their 
atomic weights, and the march of heights with intensities indicated 
by eclipse data are in satisfactory agreement with the interpretation 
of radial displacements as phenomena of level. In the case of 
the heavy elements, lanthanum and cerium, the displacements in 
the penumbrae of spots are greater than for iron lines of equal 
solar intensities, and an interpretation on the basis of level places 
the origin of a line due to the heavy metal at a lower level than 
a line of the same solar intensity due to iron. 

The flash spectra heights given by lines due to the heavy metals 
are greater than for iron lines of the same solar intensity, as Mitchell 
has shown in his second paper. In discussing the matter he says: 

It therefore seems that St. John and the writer both use the differences in 
heights or differences in level to explain differences in the lines of the solar 


« Mt. Wilson Contr., No. 74, pp. 3-8; Astrophysical Journal, 38, 159-164, 1913. 
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spectrum. According to St. John’s ideas, however, the rare earths are found 
in the low-lying regions of the reversing layer. Since they are found com- 
paratively close to the photosphere, they are at a rather high temperature. As 
a result of this high temperature there is little absorption by the rare-earth 
vapors, and the Fraunhofer lines are not strong. These high temperatures, 
however, make more brilliant the lines of the flash spectrum, with the result 
that the intensities of the rare earths in the flash spectrum are much greater 
than in the Fraunhofer spectrum. Measures of the 1905 eclipse spectrum con- 
firm the increased intensities in the flash spectrum demanded by St. John’s 
theory, but these measures do not show that the rare earths are found in shallow 
layers, but exactly the reverse.* 


The contradiction implied in the paragraph is only in appear- 
ance. Professor Mitchell informs the writer that he himself is 
not referring here to the absolute heights to which the rare-earth 
vapors extend, but to the fact that for lines of the same solar inten- 
sity the heights are greater in the case of the rare earths than for 
iron. My own conclusion was that, in the main, the heavy and 
rare-earth elements occur in detectable amounts only in the lower 
portions of the solar atmosphere, a conclusion that does not depend 
upon whether the lines of the heavy elements have their origin 
somewhat above or below the lines of iron of the same solar intensity, 
since none of the lines of the heavy elements reaches an elevation 
exceeding a few hundred kilometers, and with this conclusion 
Professor Mitchell writes that he is in entire agreement. 

In Mitchell’s second paper, the heavy elements (mean atomic 
weight, 148) are grouped with the light elements Sc (atomic weight, 
44) and Y (atomic weight, 89) which are rich in enhanced lines, and 
it is possible that the heights reached by these elements have been 
mainly responsible for the high elevation of the group. In his 
Table III, p. 176, under solar intensity 3 to 5, there are 243 lines of 
the Fe group, with a mean height of 505 km, and 2g lines of the rare 
earths, with a mean height of 785 km. It is difficult to identify 
completely the 29 lines, but there are 22 lines attributed to Sc or Y 
only with a mean height of 864 km. There remain 7 lines with a 
mean height of 529 km to be accounted for. There are 4 lines of 
mean height 625 km, in which Sc or Y is the chief element, and 11 
lines of mean height 491 km, in which one of the heavy-earth ele- 
ments is the only or chief component. It is quite evident that the 


t Astrophysical Journal, 39, 128, 1914. 
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high elevation of 783 km is not due to the heavy elements. As to 
the higher elevation of the group when lines of solar intensity 6 to 10 
are considered, it needs only to be said that no line of solar intensity 
6 or more is known for the heavy elements, so that they have no influ- 
ence here. The high elevation and flash intensity shown by the 
lines of the heavy elements relative to other lines of the same solar 
intensity appear prominently with decrease in solar intensity. The 
explanation seems to be found in the increased intensity of the flash 
lines of the heavy elements relative to the solar lines, which Mitchell 
says his measures confirm. An increased flash intensity due to the 
higher temperatures at the lower level carries with it an increase 
in height deduced from the length of the line. Hence it would 
seem that the heights given by flash spectra may be quite fictitious 
in the case of lines of very low level. The question is important 
in the interpretation of eclipse spectra and deserves further con- 
sideration. 
FLASH SPECTRUM HEIGHTS FROM WEAK SOLAR LINES 

The intensity assigned to a flash line is a complicated function 
of the length, width, and blackness of the line. If exposures of the 
same length could be given to the entire depth of the solar atmos- 
phere and of sufficient duration to photograph the relatively cool 
H and K level, something like the following would be expected: a 
long, broad arc of weak intensity for the upper calcium, and short, 
narrow, and very black arcs for the lines of the La group, their 
blackness being due to the extremely high temperature of their 
vapors. For these lines the blackness would play an increasing 
role in the estimation of their intensities. A similar influence 
would make itself felt only in a less degree when determining the 
intensities on an ordinary eclipse plate; that is, the short arcs pro- 
duced by the hot, low-lying vapors would be blacker in proportion 
to their length than the long arcs, and their intensities relative 
to that of the solar lines would increase with decrease of level. This 
increase of relative intensity with decrease of solar intensity, or 
increase of depth, is a marked feature of Mitchell’s observations. 

The exposure on the Mitchell eclipse plate was progressive, and 
hence the exposure at high levels was longer than at low levels. 


The highest level photographed is 14,000km; the unenhanced 
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lines of the heavy elements are all below 500km. Had the expo- 
sure begun at the instant the projected limb of the moon was 14,000 
km above the photosphere, the exposure for the outer envelope 
would have been nearly 30 times as long as for the region where the 
unenhanced lines of the La group originate. The actual case 
differed from this only in degree. Had the same time of exposure 
been given for the lowest levels as for the highest, the lines of very 
weak solar intensity would have been still stronger, and had the 
exposure for all levels been as short as for the very lowest, it is 
a question whether the relatively cool high-lying vapors would 
have photographed at all. In the case of eclipse plates, a strong 
emission of the low-lying vapors is shown by the presence of the 
flash reversals of the weakest Fraunhofer lines, though the exposure 
time for them is practically instantaneous. 

To obtain an idea of the general case, the mean flash intensity 
was found for all lines of solar intensity 6 or less assigned to a single 
element and the difference F—S taken as shown in Table VI. 
The regularity of the increase of flash intensity relative to the Row- 
land intensity is very marked from a flash strength of 3 intensity 
intervals less to a strength of 3 intervals more than the Rowland 
intensities in passing from solar intensity 6 to oo00. A low level 
in the solar atmosphere appears to be favorable to a high flash 
intensity relative to solar intensities of the corresponding lines, 
carrying with it increased length of arc, and this high relative 
strength is characteristic of carbon and the La group of heavy 
elements, in which cases it reaches its highest value. 


TABLE VI 


Fiasa INTENSITY RELATIVE TO SOLAR INTENSITY 


Number of Lines 


18 69 164 166 189 185 166 109 71 44 
Solar intensity... .| 0000 | 000 00 ° I 2 3 4 5 6 
Flash intensity ...]| 0.44] 0.3] 0.38} 0.55] I.) 1-3] 1-9} 1.9) 2.3 2.8 
IEG ete yete cea tie orci +3.44/+2.3)+1.38|+0.55|/+0.1|—9.7/—1.1)—2.1)—2 7/—3.2 


Another interesting fact appears when the heights for the same 
flash intensities of different groups of elements are compared with 
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the heights for the same flash intensities of iron. For 124 lines of 
the heavy elements and carbon, the heights average 76 km higher 
than for Fe lines of the same flash intensities; for 159 lines of Ti it 
is 5 km and for 73 lines of Sc and Y 2 km higher than for iron. It 
seems clear that some character of the flash lines of the heavy ele- 
ments and carbon—the increased blackness, perhaps—has made 
it possible to follow the vanishing tips of the lines with less diffi- 
culty than in the case of the other elements and this has resulted 
in a greater length of arc for the flash lines of the heavy elements 
than for lines of the same flash intensity due to iron. When the 
heights for lines of the same solar intensities are compared, the 
average height for the heavy elements and C is 104km, for Ti 
54 km, and for Sc and Y 69 km greater than for the Fe lines. Since 
the flash lines of Ti, Sc, and Y yield the same heights as the flash 
lines of Fe of like intensity, the level of the lines of these elements 
relative to Fe lines of the same solar intensity is indicated with 
greater probability than for the heavy elements and carbon, in 
which case the high level relative to iron lines of like solar intensity 
is mainly accounted for by the greater height given by lines of the 
same flash intensity. An indication of this effect of low level 
appears in the graphs showing the relation between heights and 
solar intensities. For lines of medium intensity the slope of the 
curves is regular when the points depend upon a sufficient number 
of lines; but for lines of low intensity the heights decrease less 
rapidly or not atall. In the case of these lines, the actual differences 
in level are smaller than for stronger lines, and the increased emis- 
sion due to the higher temperatures of the lower levels would tend 
to increase their blackness and to give, as shown above, a slightly 
anomalous height on eclipse plates, the effect becoming more appar- 
ent with decreasing intensity or increasing depth. 

The relative intensity of the lines on a flash spectrum plate 
plainly depends upon the phase of the eclipse photographed, the 
exposure times, and the sensitiveness of the apparatus for different 
wave-lengths. Bearing upon this question the following examina- 
tion was made of the probable sensitiveness of Professor Mitchell’s 
apparatus: A Seed orthochromatic plate was exposed in a concave 
grating spectrograph of 1m focus to sunlight reflected from a 
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freshly burnished silver mirror, a combination similar to that used 
by Mitchell. The exposure and development were such as to end 
the spectrum between 5800 and 5900. The opacity of the 
plate was measured by a Hartmann microphotometer and the 
results plotted against wave-length. The maximum sensitiveness 
is near \ 4500, and at d 3300 it is about one-third of the maximum. 
The combined reflecting power of silver and speculum metal was 
found from the data of Hagen and Rubens;' at \ 3300 the reflecting 
power is 0. 23 of what it is in the visual region, so that the apparatus 
was approximately one-thirteenth as sensitive at \ 3300 as in the 
visual region. 

This would give lower heights for lines in the ultra-violet. In 
a certain sense it would be like giving a shorter exposure to the 
ultra-violet lines of the high-level vapors, as the photographic 
effect of the radiation of the relatively cool high-level layers would 
be more decreased than that from the intensely hot low-lying layers, 
and the relative intensities of the high- and the low-lying lines would 
be greatly changed. 

Evidence that the relative flash intensities are greatly altered in 
the ultra-violet region and change in such a way as to increase the 
intensities of the weak solar lines relative to the stronger one is 
found by comparing the values of F—S in the case of very weak 
medium, and very strong solar, lines for the two regions. 


TABLE VII 
F—S 
Violet Ultra-Violet 
Intensity acne: | 000-0 +1.1 + 1.1 
Mean intensity...... 3 +1.52 — 1.82 
Intensive ces) t eee: 20 +8.4 | —16.2 


The intensity of the weak lines relative to the solar lines remains 
practically unchanged, but the relative intensity decreases pro- 
gressively with increased solar intensity. The absolute flash in- 
tensity of ultra-violet lines of solar intensity 20 is a third of that for 
the violet lines of the same solar intensity, or the intensity of the 

t Wood, Physical Optics, p. 466, 191. 
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weak lines relative to that of the strong lines has increased threefold, 
entailing a great difference in their relative heights. 

That the ultra-violet weak solar lines were photographed at all 
under these conditions is an indication of the enormous radiation 
from these low-lying layers, and the weakening of the flash lines 
which are due to the vapors extending to high elevations is what 
would be expected when the source of the flash line is a widely 
extended surface of relatively low intensity. In the one instance 
we have an intense emission concentrated in a small area; in the 
other, the source is a very extended surface of cooler vapor with a 
relatively feeble emission. 

In view of the preceding considerations, the usual method, in 
discussing eclipse plates, of determining heights from length of 
arc appears of doubtful value in the case of low-level lines. 

There are several facts established by observation, relative to 
the members of the group of heavy elements, all of which should be 
considered in an attempt to fix the relative level at which the lines 
of these vapors occur. 

1. The intensity of the La and Ce lines at the sun’s limb is 
greatly decreased in comparison with the intensity at the center, 
while that of most lines is increased. (Adams.) 

2. The rotation value given by La and carbon is lower than for 
Fe lines of the same solar intensity. (Adams.) 

3. The displacements given by the La and Ce lines and those 
of the rare-earth metals in the penumbrae of sun-spots are very 
large, larger than for the Fe lines of the same solar intensity. 
(St. John.) 

4. The heights given by Mitchell are greater for the flash lines 
of the La group and carbon than for the Fe lines of the same flash 
intensity. 

5. The heights found by Mitchell are greater for the lines of the 
La group and carbon than for iron lines of like solar intensities. 

Mr. Adams has shown that the behavior of the La and Ce lines 
at the sun’s limb finds an explanation in their low level, that the 
angular velocity of the solar vapors decreases from that of the high- 
level hydrogen to a minimum value for lanthanum and carbon, 
and that the low rotation value for these lines relative to that for 
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Fe lines of the same solar intensity finds its obvious cause in the 

low level of these lines relative to the Fe lines of the same solar 

intensity. The radial displacements of the Fraunhofer lines in the 

outer edge of the penumbrae of spots appear to be a Doppler effect 

and the regular increase with decrease of solar intensity, a phe- 

nomenon of level. Under this interpretation, the greater displace-_ 
ments given by the lines of the heavy elements than by Fe lines of 

the same solar intensity mean obviously a low level for these lines 

relative to those of Fe of like solar intensity. 

The greater heights given by the flash spectrum for the lines of 
the heavy elements relative to those of iron of like solar intensity 
appear to Mitchell to be in contradiction to these three lines of 
observation. A large part of this excess in height comes, however, 
from the character of their flash lines, which has allowed their 
vanishing tips to be followed farther than in the case of the lines 
of iron of the same flash intensity. This characteristic of their 
flash lines, rather than their greater strength relative to the Fe lines 
of the same solar intensity, contributes probably the major part of 
the excess in height. 


HEIGHT AND WAVE-LENGTH 


In the discussion of the radial displacements, it was noticed that. 
the displacements were greater in the red than in the violet for lines 
of the same solar intensity. This was attributed to our seeing” 
into the sun to a greater depth in the red, owing to the greater 
scattering of the violet light—that is, the effective levels are lower 
for the longer wave-lengths. Inasmuch as it is the upper border 
of the effective layer, or the height to which the vapor emitting a 
given line extends, that determines the length of the arc, a similar 
effect might be expected from the flash spectrum. A large number 
of lines—666—of solar intensity 1 to 6, identified with single ele- 
ments, were divided into groups of too A each. ‘The mean heights 
for the groups were plotted as ordinates. The result is a curve, 
(Fig. 3, a), with a maximum at 3850, a slow drop to the red, and a 
rapid fall to the ultra-violet. 

The maximum height given by the flash lines is at 3850, while 
the photographic maximum of the apparatus is at ) 4500. The: 
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curve, Fig. 3, 6, represents approximately the effective sensitive- 
ness of the apparatus for various wave-lengths as it is derived 
ree) from the photographic sensitiveness and 
the reflecting powers of the surfaces. 

It will be noticed that the heights do 
not follow the effective sensitiveness, that 
in the region \ 3700 to A 4350 the heights 
are greater than in the region A 4350 to 
d 5000, though the sensitiveness is greater 
in the latter case, and that in the region 
d 5000 to A 5800 the heights are not low 
because of low sensitiveness of the appa- 
ratus, which for this region averages 
slightly higher than at A 3850. Appar- 
ently the reported intensities and heights 
are fully as great as photographed, for 
Mitchell says that in estimating intensities 
allowance was partially made for the 
decrease in the sensitiveness of the plate 
in the green and yellow regions. With 
due allowance for plate sensitiveness and 
reflecting power of the surfaces, the fact 
still remains that the heights decrease with 
increasing wave-lengths. 


5000 S500 
All single lines 1-6 solar intensity 


4500 
Fic. 3 
(b), sensitiveness of apparatus derived from plate sensitiveness and reflecting power of the surfaces 


EFFECTIVE LEVELS 


4000 


The effective level of a line may be 
defined as that portion of the entire depth 
of a vapor that is mainly concerned in the 
production of the line. The light in a 
Fraunhofer line of intensity 4, for example, 
comes from a lower depth than in a line 
of intensity 10 because of the greater 
selective absorption in the latter. The 
light from the photosphere and from the 
lower, hotter layers of the vapor under 
consideration is selectively absorbed in 
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both instances and fails to reach the surface, so that the emitted 
light of the respective wave-lengths comes from more or less 
sharply bounded shells of, vapor having a larger radius for the line 
of intensity 10 than for the line of intensity 4. 

The idea of effective levels has been tacitly employed, though not 
so definitely expressed in all spectroheliograph work. There is no 
question among solar physicists but that the light employed in 
H;-K; photographs comes only from the highest level when a very 
narrow slit is used; that light forming the H,K, photographs 
comes from a low level, but not from the lowest levels; these are 
successively reached by setting the slit on the broad H,-K, shading 
at increasing distances from the center of the line. It is clear that 
here we are dealing with successive shells of calcium vapor. It is 
probable that a similar succession of shells would obtain for the 
calcium lines of decreasing intensities, and that is what appears 
in the radial displacements and in the heights from the flash spec- 
trum when a sufficient number of lines is present to obtain means 
of weight. For the calcium lines the succession is indicated as 
follows: 


H;-K; H.-K; 4227 8-6 5-3 2-1 
Radial displ....—0.063 —0.044 —0.003 +0.017 +0.019 +0.028A 
PLASDES Pwo boar rene 14,000 5,000 583 491 350km 


The negative signs indicate an inflow, the positive signs an outflow, 
from the spots, tangential to the solar surface. 

What may be called the radiation centers of gravity of the 
effective layers are at not greatly different levels in the reversing 
layer. Lines of solar intensity coco to 10 occur below tooo km, 
allowing an average distance of about 70km for each iayer. If 
such be the conditions in the solar atmosphere, it is clear that flash 
spectra measurements of heights made by 50 km steps could show 
the facts only by taking the means of a very large number of lines, 
that individual departures from the mean would be numerous, and 
that small differences between the short arcs would be difficult of 
determination. In point of view of precision there is a wide differ- 
ence between the estimates of flash intensities and arc lengths upon 
a single flash spectrum plate and differential measurements of line 
displacements upon many plates of high dispersion. 

63 


20 CHARLES E. ST. JOHN 


GENERAL CONCLUSIONS 


The facts determined by observations that bear upon the ques- 
tion of the distribution of the elements in the solar atmosphere are 
gradually increasing in number and are already sufficient for the 
deduction of some probable conclusions. The salient facts shown 
by flash spectra and displacements in the penumbrae of sun-spots, 


based upon mean values, are as follows: 


From Flash Spectra 
The heights and flash intensities 
increase progressively with the solar 
intensity of the lines. 


The flash intensity of unenhanced 
lines relative to the solar intensity 
increases with decreased solar in- 
tensity as follows in the case of iron: 


Solarint.. 00 fe) I 2 
F-S..... +1.25 +0.26 —0.67 —1.2 
. 0.034 0.030 0.028 0.025 


The vapors of the elements with 
the strongest solar lines extend to the 
greatest heights. 


Enhanced lines are higher than the 
normal or unenhanced lines of the 
same solar intensity. 


The heights are greater for lines in 
the violet than in the yellow-green 
when lines of the same solar intensity 
are compared. 


From Radial Displacement 
The displacements vary progres- 
sively with the solar intensity, from 
large negative values for the strongest 
lines to large positive values for the 
weakest lines. 


The displacements increase with 
decrease of solar intensity as follows 
in the case of iron: 


3 4 5 6 7-8-9 10-40 
—1.6 —2.4 —3.0 —2.5 —3.9 —9-4 
0.023 0.02I 0.019 0.016 0.0II 0.002 


The elements with the strongest 
solar lines give small positive or 
negative displacements. 


The displacements are smaller for 
enhanced lines than for normal or 
unenhanced lines of the same solar 
intensity. 


The displacements are less for 
lines in the violet than in the yellow- 
red when lines of the same solar in- 
tensity are compared. 


These facts are all harmonized by the consideration that the 


vapors of the elements ascend in detectable amounts to different 

heights, that the lines of any one element originate at depths increas- 

ing with decrease of solar intensity, that the enhanced lines are 
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higher than unenhanced lines of equal solar intensity, and that we 
see into the sun to greater depth at the red end of the spectrum than 
at the violet. 

The general distribution of the elements in the solar atmosphere 
and the relative levels or heights for the lines of a given element, 
such as iron, were found by interpreting radial displacement in spots 
as Doppler effects varying with the depth. This interpretation 
finds strong confirmation in Mitchell’s eclipse data, which give a 
similar distribution of the vapors of the elements and show that the 
heights of the lines of an element rich in lines, such as iron, increase 
progressively with their solar intensities. Thus we have added 
evidence that in the Evershed effect we have a means of sounding 
the solar atmosphere with a high degree of precision. 

The writer finds no better expression for summing up this 
investigation than that used at the conclusion of the discussion of 
the displacements in the penumbrae of sun-spots, excluding the 
specific reference to the H, line which does not appear in Mitchell’s 
flash spectrum: ‘‘The resulting distribution shows that the H, and 
K, lines of calcium are the lines of highest level, followed by the 
H, line of hydrogen, and that, in the main, the heavy and rare 
elements occur in detectable amounts only in the lower portions of 
the solar atmosphere.” 


Mount Witson SOLAR OBSERVATORY 
June 15, 1914 
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SOME SPECTRAL CRITERIA FOR THE DETERMINA- 
TION OF ABSOLUTE STELLAR MAGNITUDES 


By WALTER S. ADAMS anp ARNOLD KOHLSCHUTTER 


In the course of a study of the spectral classification of stars 
whose spectra have been photographed for radial velocity deter- 
minations some interesting peculiarities have been observed. The 
stars investigated are of two kinds: first, those of large proper 
motion with measured parallaxes; second, those of very small 
proper motion, and hence, in general, of great distance. The 
apparent magnitudes of the large proper motion, or nearer stars, 
are somewhat less on the average than those of the small proper 
motion stars, so that the difference in absolute magnitude must 
be very great between the two groups. The spectral types range 
from A to M. 

The principal differences in the spectra of the two groups of 
stars are: 

1. The continuous spectrum of the small proper motion stars 
is relatively fainter in the violet as compared with the red than is 
the spectrum of the large proper motion stars. The magnitude 
of this effect appears to depend on the spectral type, and increases 
with advancing type between Fo and Ko. 

2. The hydrogen lines are abnormally strong in a considerable 
number of the small proper motion stars. Thus six stars which 
show the well developed titanium oxide bands characteristic of 
type M have hydrogen lines which would place them in types 
G4 to G6, and many others which show the bands strongly would 
be classified under type K from their hydrogen lines. That the 
spectra of these stars are not composite is shown by their radial 
velocities. The hydrogen lines in the spectra of the large proper 
motion stars which show the titanium oxide bands are without 
exception very weak. 

3. Certain other spectrum lines are weak in the large proper 
motion stars, and strong in the small proper motion stars, and 
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conversely. It is with the possibility of applying this fact to the 
determination of absolute magnitudes that the results given in this 
communication mainly have to deal. 


I. INTENSITY OF THE CONTINUOUS SPECTRUM 


A comparison of the intensity of the continuous spectrum of 
several pairs of stars of small and of large proper motion photo- 
graphed upon the same plate was made recently by one of us, 
and showed a marked weakening relatively in the violet region 
for a majority of the small proper motion stars.‘ With a view 
to supplementing these observations with the larger amount of 
material available in the radial velocity photographs we have 
calculated the densities at several points in the spectrum for a 
considerable number of these stars, and compared the resulting 
values for the stars of small with those of large proper motion. 

The method employed, though by no means so accurate as a 
photometric measure of density, appeared to be as good as the 
character of the material would warrant. It is evident, of course, 
that in the case of an individual star the conditions of transparency 
under which the photograph was taken, the zenith distance, and 
some other factors might influence the result seriously. For the 
mean of a considerable number of photographs and stars, however, 
it would seem that these effects should counteract each other largely, 
or at least be similar for the two groups of stars under comparison. 
No photographs have been included which were taken at great 
zenith distances. 

The plan adopted for the determination of the densities was as 
follows: A standard plate of a Tauri was first obtained, several 
spectra taken with different exposure times being placed side by side 
on the negative. The photograph of each star was then compared 
with this standard plate under a Hartmann spectrocomparator, 
and estimates were made of the intensity of the continuous spectrum 
relative to that of a Tauri at three selected points at the violet 
and four points at the red end of the spectrum. The points were 
selected in regions as free from lines as possible. The estimates 
were made in tenths of a unit between the a Tauri spectra. Thus 


* Mt. Wilson Contr., No. 78, Astrophysical Journal, 39, 89, 1913. 
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1.5 indicates an intensity half-way between the first and second of 
the standard spectra. After the comparisons had been finished 
the a Tauri photograph was measured under a microphotometer, 
and the densities were calculated at the points of comparison. 
The results for all of the stars were then reduced to densities. 

The values for the groups of stars are given in Table I. The 
densities for the three violet wave-lengths have been combined to 
form a mean at d 4220, and similarly for the four pire ee 
near \ 4955. 


TABLE I 
Number of | Average Average Density at | Density at 

Stars ry Type A 4220 A 4055 

INORG erro vac tenet on ohio ee 15 07020 A2 0.30 0.32 
16 ure A3 .29 932 

l Some SC OM cect ee en epee or See se) .O12 F4 25 2 Ou) 
23, .66 F6 32 moi 

GOMGR ches aeons ee an 8 .009 G3 22 41 
30 64 G2 3832 .41 

GE—GCOm cine Hien nie 14 .OIL G7 25 .48 
22 .64 G7 .40 .48 

DSO SREP eevee crate tarsiev sieves 24 .OIl K2 .16 44 
22 0.70 Kr On3r 0.44 


The features of note in these results are: 

a) The small proper motion stars of types F to K are decidedly 
weaker in the violet part of the spectrum than the large proper 
motion stars. 

b) The difference is inappreciable for two groups of A-type 
stars for which the ratio of proper motions is 1:6.5. 

c) The difference increases with advancing type from F to K, 
being twice as great for the latter. The ratio of proper motions 
for the groups of small and of large proper motion stars is nearly 
the same for the stars between F and K. Hence if interpreted in 
terms of distance the ratio of distances should be nearly the same, 
and it would appear that at least a part of the absorption in the 
violet part of the spectrum of the distant stars must be ascribed, 
not to scattering of light in space, but to conditions in the stellar 
atmospheres. In the case of the A-type stars the results are in- 
conclusive, since the ratio of the proper motions shows that the 
negative result found may be due to the fact that the difference 
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of distance between the two groups of stars is insufficient to produce 
a measurable amount of scattering. 


Il. THE HYDROGEN LINES 


The abnormal strength of the hydrogen lines in the spectra 
of certain of the small proper motion stars is of peculiar interest 
because of the possibility of selective absorption by hydrogen gas 
in interstellar space. The radial velocity affords a means of de- 
termining the origin of the additional absorption since it is highly 
improbable that the hydrogen in space would have the motion of 
the stars observed. Accordingly we have given especial attention 
to the determination of the radial velocities of these stars from the 
hydrogen lines as compared with other selected lines in the spec- 
trum. The results obtained indicate that within the limits of 
error of measurement the hydrogen lines give essentially the same 
values as the other lines, and no differences have been found of 
an order to correspond to the abnormal intensity of the lines. 


TABLE II 
Core METALLIC—H 

STAR MAGNITUDE TYPE eee Bileersr cr 
In Star In Space 

km km km 
BOSS{5 30s ieee Samet 5.6 G7p —0.5 0.0 +13.4 
HOF orc anie eee ea 5.6 Gop +0.3 ° + 4.3 
T300\o te eet 5.8 Gop +0.6 ° —16.7 
LGO0O% eee eee Sas Gsp +1.6 ° +15.3 
TSAO cre orien Sez Gop +2.9 ° —50.9 
BO2ON tive wae ae 5.8 G6p +0.3 ° —27.7 
DLAs ton alsin: Oye2 Gop +4.9 ° +15.6 
D378). ceerces Cee Ts 6.3 Gop +2.2 fe) + 6.4 
2OT2 ert ee 5.6 oe —2.0 ° + 1.2 

BOUS vers cere Meee es 6.0 5p +0.7 ° Ae 
BOOT anaeeeanion 6.0 Gop =1/2 ° mee: 
AVS Olssyete aabecstoer ce: 5.6 Gsp —3.6 ° —17.2 
S125 cet aa aera ies 5.6 Gsp +1.8 ° + 3.4 
OOSOM ete 5-4 G4p —2.2 Re) —31.7 
O14 55 coe 6.0 Fop —4.6 0.0 0.0 


In Table II are collected the results for 15 stars which show 
abnormal strength of the hydrogen lines most prominently. All 
of the stars except Boss 6145 have the bands characteristic of 
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type M. The classification given is based on the hydrogen lines. 
The column designated “Metallic-H Lines” gives the values in 
kilometers of the differences in the velocities derived from about 12 
selected metallic lines and those from H, and Hg; a small syste- 
matic correction is applied to the latter, due probably to the effect 
of blended lines. These differences would, of course, be zero if 
all of the hydrogen absorption occurred in the stellar atmospheres. 
If it all occurred in space the differences would be those given in 
the final column on the assumption that the absorbing gas is at 
rest in space. The quantities are derived by applying to the velo- 
cities of the stars obtained from the metallic lines the corrections 
to these velocities for the motion of the sun in space. 

If any appreciable hydrogen absorption occurred in space the 
differences, Metallic—H Lines, should, of course, be intermediate 
between the quantities in the last two columns. When, however, 
we combine the values for all of the stars, assigning weights accord- 
ing to the numbers in the last column, we find that 98 per cent of 
the hydrogen absorption must occur in the stellar atmospheres, 
and that but 2 per cent can possibly be due to hydrogen gas in 
space. This amount is far below the limits of accuracy of the 
observations. 


Ill. THE RELATION OF LINE INTENSITY TO ABSOLUTE MAGNITUDE 


Systematic differences of intensity for certain lines between 
stars of large and stars of small proper motion soon became evident 
in the course of the study of the spectral classification of these 
stars. In order to secure an accurate system of classification as 
well as to investigate these differences the following method was 
adopted. Pairs of lines were selected not far from one another in 
the spectrum and of as nearly as possible the same intensity and 
character, and estimations were made of their relative intensities. 
For classification purposes a line decreasing in intensity with 
advancing type, such as a hydrogen line, was combined with a 
line increasing in intensity with advancing type, such as an ordinary 
metallic line. In addition to these pairs used for classification 
purposes several pairs were selected which included all lines 
suspected of systematic deviations in certain stars. 
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The estimations were made on an arbitrary scale extending 
from 1 to about 12, 1 being the smallest difference in intensity 
which could be detected. The method, therefore, is analogous 
to the Stufenmethode of Argelander used in estimations of variable 
stars; hence, for physiological reasons, our scale will be approxi- 
mately proportional to the logarithm of the intensity differences 
of the two lines. In general three plates were used for each star, 
and the photographs of the large and the small proper motion stars 
‘were intermingled in order that systematic effects on the estima- 
tion scale might be avoided. 

After all of the estimations had been completed the material 
was reduced uniformly, and the results were examined with two 
objects in view: first, to investigate the changes of the estimated 
intensity differences with the spectral type, and on this basis to 
form a classification depending on certain well defined criteria; 
second, after correcting for changes with type to investigate changes 
with absolute magnitude. 

An examination of the pairs of lines used for estimation indi- 
cated that the following pairs showed the largest and most definite 
changes with type. The Harvard scale of classification has been 
followed closely. 


4227 4320. H, _ H, _ Hy 
H, * Hy.”74352 4405 4384 


F8-G6 stars: 


26 H. 
a (wt. 2); —2; H, (wt. ee Hs 
¥ 4352 4405 4872’ 4958 


G6-Ko stars: 


These lines, accordingly, have been used to determine the type 
of each individual star, and since no systematic differences for the 
different lines have been found, the mean of the determinations 
from the five pairs has been used as the final result for the spectral 
type. This method of classification has proved most satisfactory 
in use, and shows good internal agreement. The mean error of 
one determination depending on three plates is +0.4 subdivision 
of the Harvard scale, equal, for example, to the interval from Gs.o 
to G5.4. 

As soon as the spectral type of each star had been obtained in 
this way, the results for the remaining pairs of lines were examined 
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with a view to seeing whether all of them fell into agreement with 
the classification, or whether there were systematic differences 
for different groups of stars. For this purpose we constructed a 
normal curve for each pair of lines from the stars of rather low 
absolute luminosity, plotting as abscissae the spectral types, and 
as ordinates the estimations of intensity differences. Finally we 
formed for all of the stars the differences between our estimations 
of relative intensity and the values from the normal curve corre- 
sponding to the spectral type. These differences, combined into 
means for two separate groups, are shown in Table III. 

At the head of each column of ratios is given the mean of the 
absolute magnitudes of the stars observed. Thus for the F8-G6 
stars the mean of the absolute magnitudes of the small proper 
motion stars is —2.9, of the large proper motion stars, +6.1- 
Although the number of stars used in the estimate of the ratios 
of the different pairs of lines varies somewhat, the same mean 
magnitude, which was derived from all of the stars, is used through- 
out. The computation of the absolute magnitudes of the individual 
stars was made from the measured parallaxes where these were 
available. In the absence of such determinations, or when the 
parallax was very small or negative, the absolute magnitude was 
computed from the proper motion by aid of the parallax derived 
from the following formula: 


log r= —1.00—0.005m-+0.86 log » 


where m is the apparent magnitude and uw the proper motion. 
This formula is contained in an unpublished investigation by 
Kapteyn and Kohlschiitter on the luminosity-curve of the K-type 
stars, and is based upon a discussion of the relation between proper 
motion and parallax for the K stars. The unit employed in the 
determination of absolute magnitudes is 0%1; that is, the absolute 
magnitude is the apparent magnitude of a star at a distance 
corresponding to a parallax of o”r. 
The number of stars used in each comparison in Table III is 
indicated by the figures in parentheses. 
It is obvious from the method of derivation that the mean 
values in Table III for all the pairs of lines will be small in the case 
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8 
TABLE III 
F8 to G6 G6 To Ko 

Ratio Vols cl weuee | pease nen eee Remarks 
a |—o.2 (19) |—o.1 (47) | Class. +1.9 (16) |+0.5 (19) 
4a 0.0 (28) | 0.0 (49) | Class. —o.2(52) | 0.0 (45) | Class. (wt. 3) 
Br |—o.3 (28) |-+0.1 (49) | Class. +o.9 (52) | 0.0(45) | Class. 
a ...{+0.4 (28) |—0.1 (49) | Class. +o.1 (52) | 0.0 (45) | Class. (wt. 4) 
=e ..|+0.6 (28) | 0.0 (48) | Class. +o0.2 (51) |+0.2 (43) 
ae .|—0.7 (13) +o.2 (29) —o.4 (48) |—o.1 (43) | Class. 
we. teow (26) one(a8) —0.9 (46) | 0.0 (40) | Class. 
AS ..|+3.2 (28) |—0.4 (49) +1.9 (52) |-+0.3 (45) 
ere .|—1.2 (28) |—0.2 (49) —1.1 (52) |+o.1 (45) 
4455. |—1.0 (28) |-0.1 (a9) = a7 (52))\ 0") 
4408... J-+1.7 (28) |—0.1 (49) +3.9 (52) | +o.2 (45) 
ats .|—4.8 (28) |+0.4 (49) | Abs. mag. |—6.6 (52) |—0.3 (45) | Abs. mag. 
4480 |—3.6 (26) |-+0.5 (36) | Abs. mag. |—5.2 (sr) |—0.3 (45) es mag. 
ae ..1+8.3 (21) |—0.4 (44) | Abs. mag. |+5.8 (31) |+0.2 (33) | Abs. mag. 
i .|—o.5 (20) |—o.1 (45) —1.3 (42) |—o.x G8) 
“nt |r2(| 0.016) =0.5 (48) |=0.3 (43) 
a .|—0.8 (28) |—0.3 (42) 0.1 (52) | 0.0 (42) 
_ ..|+4.1 (28) |—0.2 (41) | Abs. mag. |+3.4 (52) |+0.4 (40) | Abs. mag. 
rie .|+5.7 (28) |-+o.1 (48) | Abs. mag. |+4.9 (52) |-+0.5 (45) | Abs. mag. 
4495 .|-3-4 (18) |—1-0( 4) —2.8 (46) |—0.9 (14) 
a |+1.2 (25) |+0.1 (33) +1.7 (51) |+0.2 (45) 
eee .|—2.3 (27) | 0.0 (40) —1.5 (52) | 0.0 (45) 
ae Neate (a2) oto) —5-1 (27) |+0.2 (37) 
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of the stars of small absolute magnitude, and that the values for 
the pairs used for classification purposes will be small for stars of 
both small and large absolute magnitude. The most prominent 
cases of lines where systematic differences are seen to exist between 
the stars of high and of low luminosity are the following: 


Stars oF HicH Luminosity 


Strong Weak 
4325 Sc 
4216 Sr 4435 Ca 
4395 Ti, V, Zr 4456 Ca 
4408 V, Fe 4535 Ti 


The Sr line at \ 4216 is an extremely prominent chromospheric 
line, and the same is true in less degree of the enhanced Ti line at 
4395. The line at ) 4408 is a blend, and as given by Rowland 
consists of V and Fe. Some other element may perhaps contribute 
to the stellar line. All four of the lines which are relatively weak 
in the high luminosity stars are well known sun-spot lines, being 
greatly strengthened in the umbrae of spots. 

The following five pairs of lines were selected from Table III 
as the basis for an investigation of the individual stars: 

pee DE ais es ZED 
4250 4415 4415 4462 4495 

The results given in Table III, estimated value—normal value, 
for these five pairs of lines were combined into means. By assum- 
ing a linear relationship between these mean values D, and the 
absolute magnitude M, we then derived the formulae: 

F8-G6 stars: M=+5.6—1.6D 
G6-Kg stars: M=+6.8—1.8 D 

The difference between the two constant terms shows merely 
that the average magnitude of the stars used for the normal curve 
is 5.6 for the first group, and 6.8 for the second group. The agree- 
ment for the two groups of the coefficient of D indicates how well 
the same relationship holds throughout the whole range of spectral 
type from F8 to Kg. For the very faintest stars, below absolute 
magnitude 7, the linear relationship does not seem to hold strictly, 
but it has not seemed desirable for the present material to use 
a more complicated formula. 
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Tables IV and V show the absolute magnitudes computed from 
these formulae for 71 stars of types F8 to G6, and 91 stars of types 
G6 toKg. The spectral classification is that derived by the method 
already described and the parallax m is taken from Groningen 
Publication, No. 24. The first column of absolute magnitudes M 
contains the values calculated from the parallax or the proper 
motion, the latter being used wherever the measured parallax is 
less than +005. The second column of absolute magnitudes 
contains the values determined from the intensities of the spectrum 
lines. 

The average difference between the two sets of absolute magni- 
tudes is slightly less than 1.6 magnitudes for the F8-G6 stars, 
and 1.5 magnitudes for the G6-Kg stars. In view of the uncer- 
tainties attaching to the determination of absolute magnitudes 
from proper motions, this difference is not excessive. There 
appears, therefore, to be considerable promise in the application 
of spectrum line criteria to the determination of absolute magni- 
tudes and parallaxes. 


SUMMARY 


Including the results described here, we have found as a product 
of our investigations of the spectra of large and of small proper 
motion stars three phenomena which appear to have a distinct 
bearing upon the problem of the determination of the absolute 
magnitudes of stars. 

1. The continuous spectrum of the small proper motion stars 
is decidedly less intense in the violet region relative to the red than 
the spectrum of the nearer and smaller stars. This effect appears 
to be a function of the spectral type, and so must be ascribed in 
part, at least, to conditions in the stellar atmospheres. 

2. A considerable number of the small proper motion stars show 
hydrogen lines of abnormally great intensity. Measures of the 
radial velocity show the source of the additional, absorption to be 
mainly, if not wholly, in the stars themselves. 

3. Certain lines are strong in the spectra of the small proper 
motion stars, and others in the spectra of the large proper motion 
stars. The use of the relative intensities of these lines gives results 
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ant 
TABLE IV 
F8—G6 
Star m # Type M ca ae one Ese 
bradeseTos Cenacec 6.2 G6 o”419 +o'15 +7 +7 
IBOSSKO Sheierecen creiseone ss 6.3 G4 OOOOT lr sien eee —3 — 3 
IBOSSEA Tat reece 5.8 G2 OLO02: ia easy een —6 — iI 
Rivobnso m-yaee ck ey Gs 1.390 | + .36 +8 eG 
PYRO DTS Meee oe a4 G1 ©.790 | + .02 +7 + 6 
BOSS ESSescearee os Sat G6 OnOOH-e lhe cere —4 — 2 
PiEassiopre.s soso: 53 G3 3.760 + .11 +6 +10 
Lal OA RO cetera. 8.1 Go 0.570 + .02 +7 + 8 
IBOSS+340 45,6 os eats yes G5 OCs Hliisa chm —4 — 2 
IBOSS S36 Secs cree er! G6 Or 004 Piya teen: —5 —- 5 
Fed: 203.a0 6 ante ome - 7.6 G4 0.750 + .04 +7 +9 
Baliao22-3%. a. ack Wiss Go 0.510 | — .o4 +6 +4 
ALATA TES aceon 6.9 G4 ©.600 + .03 +6 + 6 
BOSSOFOs<. - soe 5.6 Fo OS OOA aera eee - -1 
WalSCAGO—G 6c eel 6.7 G3 I.000 + .06 +5 + 6 
IBOSSG77 6 cueiae ete ss 5.6 G6 C1020. uN Geese —2 — 6 
Groom. 864....... Fess Go 0.730 | + .03 +6 + 8 
BOSS VBE ST ects wis siss 6.8 G1 OS4AO" leone: +5 +7 
Groom: '884.....5....- Wigs Fo 0.680 + .09 +7 +7 
als GOO THe <<is'sa1.« 7.0 F8 ©.100 | — .02 +3 + 6 
GUNULIP QE foe's oyasiets On? Gt 0.437 + .07 —I +1 
DMIUPUTIGAC fic he) cers 4.8 Gi 0.843 | +0.11 +5 +7 
BOSS: 3304: 62 3.0.5.00% 6.4 G5 OxzOO2 ulna ree: —5 — 1 
IBOSSITAAT oc /oce:e sss ie.s 5-9 G4 OSO0I4T |e cece —2 -— iI 
aly tr106). see 6.5 G2 ©.090 | +0.06 +5 + 5 
BOSSEST S|: pe wise sieves 83 Gs Io hy cic mccate —4 —4 
BOSS THOAW Giese ce 6.5 G1 OLOl7) nen ans —I — I 
IW BAGhEsoo. Jaa). 7.7 G3 0.570 | + .or +6 +7 
Dalier3849 5. sae 6.5 G6 On 5200 lion lr +7 + 6 
Boss:t873% je sis. <2 6.5 G4 eh). Wogogonsc% a —'2 
Dele) CAM scien sis 6.5 G6 0.478 .00 +5 + 5 
CaleEGEOS (ents cite 6.9 G7 I.190 | + .09 +7 +7 
BOSS; 21502 caves - cts sie 5 G3 Co\ovol ae teers oat —4 — 1 
J BURG oy aie riers WAS G3 0.807 | + .05 +5 + 6 
BOSS'223006 3. ss.< 0) 6.3 Gti OrsO20 (icaniae tes +4 + 7 
Dal 16004 5)..caeeo 8.1 G3 ©.440 — .o4 +6 + 6 
IS OSS: 233 She seco e Ont G3 OFO20; [Ee cies =I — I 
Pal rO8000-1. se FoF Go 0.470 | — .05 +6 +5 
Lip ce Me terete 108 G6 0.808 | + .o1r +7 + 8 
Groom? 1822 ....... Hise: Go 0.670 + .02 +7 + 2 
Walk-225 Sse seer 6.4 G6 ©.470 + .12 +7 + 4 
Groom 5855-. 2... - 7.4 G6 0.340 | + .06 +6 + 8 
WEBS 12260) 26.,..5:- 7.3 G4 ©.740 .00 +6 +5 
Wwal22008) 42 aoe as G3 ©.590 | + .09 +7 + 6 
bal) 2447A-6 3s 3 6.9 G3 0.720 | + .o1 +6 + 5 
BossesAsorncs ey. oc. 63 G6 O.COS salen — — I 
Drtr3hnd peace amie WS G6 0.940 | + .05 +6 +7 
UL, Bebe es Abide Bo oac 6.8 G4 0.680 .00 +6 + 4 
Waly 742 Et arc Fee G6 0.680 .00 +7 +7 
ale so004 ae ane 6.8 G6 1.660 + .07 +6 + 7 
Wallssiir32)eegeter. fevers Oni G5 0.830 | +0.14 +7 +7 
IS OSS94.00 Were pretreat 5-9 G6 icles) Wegbossuns —3 So 
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TABLE IV—Continued 


M from M from 
Star m Type Me Gs ™ OF ft Spectrum 

BOSS 4703 caer 6.2 G5 o”o10 beet eees —3 —2 
Crson: o789N eee 6.6 G3 0.654 | +0%o2 +6 +7 
Groom. 27895S..... 6.8 G2 0.630 .O2 +6 + 6 
IBOsS'401 Onn aereeeie 6.3 G5 OVOF4) aa eaneers —2 +1 
TOMOy gn reer 6.3 G2 0.212 + .16 +7 +9 
TOMO Y Zn Ole 6.4 G2 0.220) || = 216 +7 + 3 
bel Bebteie sons 64 6 cB G6 0.600 + .09 +7 + 8 
BiezO2 7/4 ae 5.8 G2 0.317 + .04 +3 + 4 
Grooms32TSio ee 7.0 G6 0.480 + .o1 +5 + 6 
Ihed303S2r0 saat Hpk) G4 0.700 — .02 +7 + 6 
IBOSS ISA 2Onnar ee cteeel 622 G6 Os O82" | ter eee 2 — 1 
Lac. 8777 6.5 G5 0.680 | — .10 +6 +4 
Dalvas4o2inn nce 6.9 Fo 0.840 + .02 +6 + 8 
IBOSSIS 7 00nt saree Ona G5 ©0006) iN ayes —4 ° 
Keds 4As7 Tanner “fist G3 °.600 + .06 +6 +8 
Boss:§082eeianeaes 6.5 Go O.016 5 |Seoeogear —I —1 
B.D. 62°2244...... hk G4 ©.440 — .02 +6 + 4 
Pite2 321 04a eenerl 7.0 F8 0.620 — .05 +6 +7 
Riga 38207 ee Om Go 0.770 | +0.01 +5 + 1 


for absolute magnitudes in satisfactory agreement with those 
derived from parallaxes and proper motions. 

It seems very probable from physical considerations that the 
spectra of stars of quite different mass and size would differ con- 
siderably in certain respects even when the main spectral charac- 
teristics were the same. If the depth of the atmosphere for stars 
of similar spectral type is at all in proportion to the linear dimen- 
sions of the stars, we should expect the deeper reversing layers of 
the larger stars to produce certain modifications of the spectrum 
lines. Owing to the small scale of the stellar spectrum photo- 
graphs, only the most marked changes could be distinguished, and 
among these the effect of the deep atmosphere upon the violet end 
of the spectrum should be especially prominent. 

A case of somewhat similar nature is that found in observations 
of the center and the limb of the sun. The length of path through 
the solar atmosphere is much greater at the limb, and greater 
relatively for the lower and lower strata. On large-scale solar 
photographs the differences between the center and the limb spec- 
tra are very marked, but on very small-scale photographs, no 
doubt, only the most prominent differences could be observed. 
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TABLE V 
G6—Ko 
Star mm » Type mn - M from M from 
Tor wh Spectrum 

Bas T3P 7505. Fs. 5.7 Ko OcOLOIe Seeman? —2 — 2 
SAVEISCIUM GS eae ere 6.1 Kr 0.595 | +o%r4 +7 + 5 
Dalerogs: occas 35: ae K3 0.810 + .02 +7 + 8 
IBGSS*IG6 2 cee ess 6.2 Go OsOLO 2. | eee artes —2 — 3 
Mayer 20... ...... 5.8 Ki 1.366 + 117 +7 +10 
BOSS 200tess «on 33 5.6 G6 O-OL7.ar eres. —2 — 6 
Balieryo0 442 <6 e- 8.0 K6 0.480 + .06 +7 + 6 
IBOSSBO Fae sree 6.2 Kr OVOOA STS imecaerre —4 —4 
WEB? Er6r: 22S. 8.0 G8 ©.490 — .O1 +6 + 8 
Daleg68e nae ses. 7.8 Kr ©.470 + .or +6 + 5 
Dal 22022 geet 5 se 7.8 G7 ©.500 || + 105 +6 +9 
IROSS3AEO saeco 5.9 Go OL OLG unl aacetnee —2 — 3 
BOSSA 20 sea ee ei 5.6 Kr ©5000; haeceereet —2 — 4 
BOssrasOn. - osc 256 6.1 Ki OF OOS 0 | spermine —4 — 3 
IBOSS7A3 Aare 5.8 Ko Ox 180M | Seroernes: +2 — I 
Bossqadeue. soe ck 6.0 G8 OxOTT ia |r eure —3 — 2 
@IATICUS. 25a 2h G8 0.239 | + .09 +2 — 2 
BOSS'q03 oe sais 6 << 6.2 K4 OLOLIan eee eres —2 — 2 
BOsSSHeS Oia os whee 5.6 G7 OXOOOr +a senaniee —4 — 3 
BOSSES Lae ncpiaeee 5.9 Go OnOT Opp | eran: —3 — 3 
|S ee en eee 5-9 K6 2.320 | + .14 +7 +7 
Webs2'o275..+--- 8.2 G8 0.680 + .10 +8 + 8 
IWeBr Shiro fae 7.8 Ko 0.620 | + .08 +7 + 1 
Bossw7O8sesce -o5-: 5.6 G8 OhCvCr liknanansac —2 —4 
BOSS1832)2 ast ce 6.0 G7 (oeroieye lk wereen nae —6 ° 
CV SRAUT creche esc ieiscases- 3.9 Go Ont 20u alters ° -— 1 
BOSS TOT4 s+ 52m. 3 6.1 G7 OLOTT, glia cer —2 —2 
Gu auriees acne. rer: 320 Ko ONE20 ga ere: —1I ° 
Eig teasers eee 4.0 G8 ONTOS dl: Beene ene +1 +1 
(iS ROR Talat 5 vs roe crea r.1 K3 0.203 + .07 ° — I 
BOSSE E700 2 enn a2 6.4 K2 OROI2.§ aan —2 —2 
Web S42 rir Sole 6.5 Kg 1.250 | + .30 +9 +. 5 
BOSS 24ers cscr 5.8 Kr OVOIT. Glare —2 — 2 
IROSSUE SA Grace ere 6.0 Ko O00 7p lnereer sce —4 —4 
Groom *9g0; 35. - 7. 8.1 Ko 0.560 | + .03 +7 +11 
Pins hrA@ 2 seers 6.4 Ko O;§10) |) 12 +7 +7 
Walt 1o7o7—O8- ak K2 0.720 | + .08 +7 + 7 
IBOSS 34443 253 32-2 SG G8 OROOOMP usta rian -—3 —4 
Boss 1008, 3.5. - 61. fis Sas K2 OOIT, Ue aaectsa —3 — 2 
O LyNcis s 2.26. 64600 5:9 G7 0.330 — .O1 +4 +4 
IBOSS#1042%)- ater. 6.0 K2 Oncevf: Wosancse oc —4 — 2 
BOSSHT OAS iia tres ests 5-9 K6 ONOLQ ae acer —2 — 3 
Walier3254—Sion 6.9 Kg Cmiyfey yh Se oii +7 + 6 
Wale 59407 erase 8.2 Ki 0.710 | + .05 +7 +7 
IBOSS'1846% cose sm.<t.: Sev. Ko ON OT OM terete —2 — 4 
IBOSStIS68.27. 2h act. 5-9 K2 OROQOmmiles ee Creer. —2 — 2: 
BOSSI 254A Saree cea 6.4 K2 0.073 — .04 +1 —2 
BOSS122 20 se rarest On2 G8 Os Olin. —2 — I 
Pig SPiOS a. or ncaa 6.0 K3 0.040 | —0.03 ° — iI 
Sip Canchiqn se cr 6.1 Ko 0.541 + .08 +6 + 2 
Oss! 2440)4 oay2 6 «1-1. oe G6 OL OOSssuiiee). raracts- —4 +1 
BOs8i24'5 Sieve - 6.1 G6 OLOIOms|nseenceeesy: —3 —2 
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TABLE V—Continued 


M from M from 


Star ™ Type Mo CP 7 OF Mh Spectrum 
deal, T8486.) oe ne ors 7. K3 0%520 | +0%07 +6 1-5 
alyaoo22eie yee 53 Ks 0.800 | + .06 +7 Braue 
Groom. 1596...... 8.2 G6 0.480 | + .07 +7 + 6 
BOSS12 7,05 eae ne 6.0 G7 O06" Pee eriee —2 — 2 
IBOSsi2OTOM een paeiees ene K2 0.113 + .02 +1 — 2 
Saubeonis) BY... 6.2 G8 ©.743 + .02 +6 + 6 
83, Leonis Ft... 2... 7.6 K8 0.736 + .02 +7 + 5 
BOSS} 3125 eee 5-9 Kr ©, O82 \|\aernenieiere —3 —2 
Piece horSivserd a ose 6.8 G6 0.670 — .03 +6 + 2 
BOss'3400. see ae 6.0 Go 0020.) || Saintes —2 — 3 
ENA oh ba Oo 7.6 Kr 0.680 + .14 +8 +7 
Bossig Sion 5.6 Go ©1602) Ine sree —6 — 2 
IANS Sikes 36 6.7 G7 1.380 | + .13 +7 + 8 
OZ208. ee ener 7.9 K6 0.480 | + .05 +6 +7 
WeBi15272015- . 5: 6.8 Ki 0.480 | + .05 +5 + 6 
Ieal30024—0 ani 7.0 Ki 0.490 + .09 +7 +9 
IBOss/4'22Siqerieeeer 6.0 G8 0.020) Wiha —2 — 6 
Walls oGoonmen ee 7.8 G7 0.470 | + .05 +6 ape 
Wales s43Omen creer Oxy K2 0.650 | + .04 +6 + 8 
IBOSSi47240% cee oe 5.8 G8 ©;006) 2 ieiysvemsteiee —4 ° 
Groom. 2875 ...... 6.7 Kr 0.660 | — .05 +6 + 8 
Walie8ooamernnceans 7.2 Kr I.390 + .03 +8 +10 
Bin2o22 3 eee 73 Go 0.550 | + .08 +7 +9 
IBOSSuG 177 Meee 5.8 G8 6020; haere nae —2 — 3 
Lest SN) tg dud aaa eo) Go T2500 |-t Ou +6 + 6 
Bossis307 san oe sc One Ki OLOL2 a |Se-rosc eer —2 — 2 
mic epaelnn errs 3.6 Ko 0.836 | + .I0 +4 + 3 
BOSSES SO7/antiaretoee: 5.6 K4 OL OOS iit mrartuere: 4 = Zh 
ES OSSIS4 SORTER: 6.2 Ko ©1020 | sees —I —2 
IB OSSISOSS mie sree 5.8 Ki © 5000 | ayer —4 —~2 
Groom. 3689 ...... 8.1 G8 0.610 | + .04 +7 + 6 
Bossi5868 30. ene: 6.1 K4 Chonda We ogecasce a2 A 
Dio 2205 Ag eee 6.5 Go 0.470 — .02 +5 + 3 
WalAso2Se eee 7.8 K2 ©.500 + .05 +6 +7 
Tad 07777 eee 5.6 K7 2.105 + .16 +7 + 5 
IGG AE Glan bala ace Fa) G8 0.670 | + .04 +7 +10 
IO COMO. a co0ed0- 5.9 G8 O:300" lle Sate —5 = 3 
B.D. +58°2605.... Fels Kr 1.080 | +0.07 +7 + 8 
IBOSSiOL 23 ran ieee 5.8 Ko 07020) aasseayes. =P — 2 
IBossiOL76" 14. 5.8 G7 OXOLS ae eaeneiers —2 — 2 


The difference, however, in the relative intensity of the violet 
portion of the continuous spectrum at center and limb as compared 
with the red portion, which is so marked a feature of the observa- 
tions, would appear equally well on photographs taken with high 
and low dispersion. 
Mount WILson SOLAR OBSERVATORY 
July 1914 
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THE SPECTROSCOPIC ORBIT OF RX HERCULIS DE- 
TERMINED FROM THREE PLATES WITH A NEW 
PHOTOMETRIC ORBIT AND ABSOLUTE DIMEN- 


SIONS 
By HARLOW SHAPLEY 


The ordinary solution for the orbit of a spectroscopic binary 
involves six independent unknowns. These elements may be the 
period, an epoch, the longitude of periastron, the eccentricity of the 
orbit, the maximum apparent orbital velocity, and the radial 
velocity of the system with respect to the sun. Frequently the 
number of unknowns is reduced to four by the assumption of a 
circular orbit. 

The complete solution for the elements of an eclipsing binary 
from its light-curve may involve as many as thirteen independent 
unknowns, but the precision of the photometric observations is 
seldom sufficient to permit the derivation of more than seven or 
eight of the quantities theoretically possible. The elements most 
generally obtained are the period, an epoch, the inclination, the 
relative light-emissions and dimensions of the two stars, the radius 
of the orbit, and occasionally the eccentricity and longitude of 
periastron.* 

Solutions for orbits of double stars based upon variations in 
radial velocity, therefore, give four elements in common with 
solutions based on variations in apparent magnitude, and it is 
obvious that for any star which is both an eclipsing and a spectro- 
scopic binary the existence of either solution greatly simplifies the 
derivation of the other, both from an observational and from a 
computational point of view. There is accordingly a particular 

For some systems it is possible to determine also the ellipticity of the stars, the 
reflection effect, and the periastron effect, and to estimate the degree of darkening at 
the limb (Astrophysical Journal, 39, 405, 1914). The apparent stellar magnitude at 


maximum is a thirteenth unknown, but except in systems of elliptical stars its deter- 
mination is usually independent of the study of the light-curve. 
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interest and advantage in making photometric observations of 
certain spectroscopic binaries whose orbits are known,’ and like- 
wise in making spectroscopic observations of eclipsing binaries for 
which good light-curves exist or are possible; for not only is the 
problem of the second orbit in either case much simplified, but 
also the combination of the two sets of computed data affords 
knowledge of the absolute radii, masses, and densities of the com- 
ponent stars, and occasionally of the surface luminosities in terms 
of the sun. 

Suppose the complete solution of a light-curve has given, among 
other quantities, four of the six unknowns generally derived from 
spectroscopic observations: P, the period; T, the epoch of prin- 
cipal minimum (or of node or periastron passage); e, the eccen- 
tricity; and w, the longitude of periastron counted from the 
ascending node of the primary component. Then each deter- 
mination of the radial velocity of the brighter star gives the 
linear relation 

Vi=y+K,[cos u+e cos o] (x) 
between the two remaining unknowns—y, the constant radial 
velocity of the center of mass of the system, and K,, the semi- 
amplitude of the velocity variation. (wu, the argument of the lati- 
tude, is readily obtained from tables when P, e, and w are known.) 
If the lines in the spectrum of the second component are measur- 
able, then 

V,=y+K, [cos ute cos (w+7)| (2) 


and in both cases the last term in the brackets drops out for orbits 
circular or nearly so. We have then simply 


V=yt+K sin 0 (3) 


where 0 is the phase angle from minimum. It is evident that a very 
few spectrograms made near greatest elongation, giving a large 
coefficient of K, will suffice, whether the orbit is circular or eccentric, 
to obtain y and K with average precision, hence to determine com- 
pletely the spectroscopic orbit. The following discussion shows 
what use we can make of the measures of a few lines on three plates 


*See discussion of this phase of the combination by Stebbins, Astrophysical 
Journal, 34, 105, 191t. 
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of RX Herculis, an eclipsing binary the solution of whose light- 
curve eliminates four unknowns from the spectroscopic problem. 


THE PHOTOMETRIC OBSERVATIONS 


A new light-curve of RX Herculis is derived below from two 
series of observations, one made at Harvard and one at Princeton, 
neither of which has as yet been published. A long series of visual 
estimates of this star was obtained by Luizet during the years 1899— 
1904." Especial care had been taken in making the observations, 
with the result that the light-elements derived from them are very 
accurate. The light-scale is not photometric, however, and it is 
not advisable to put great reliance upon the range of variation or 
upon the shape of the curve. The period given by Luizet is 
07889288, and the range of variation is 063, with the maximum 
at the seventh magnitude, approximately. The maximum light 
had been observed more than 300 times and there was no evidence 
of ellipticity or of a secondary minimum.? 

The preliminary solution of Luizet’s light-curve by the present 
writer was indeterminate. It was found that either the period 
must be double the given value with primary and secondary eclipses 
indistinguishable, or the period must be as given and the system 
supposed to consist of a small bright star with a faintly luminous, 
larger companion. The shape of the light-curve as derived from 
Luizet’s measures contradicted the first supposition and the absence 
of a shallow secondary minimum contradicted the second. As the 
star is bright enough for spectroscopic work, it was considered of 
sufficient importance to justify a thorough photometric study, and 
accordingly it was put on the list of stars to be observed by the 
writer with the polarizing photometer of the Princeton University 
Observatory. The observations, which are published in detail 
elsewhere, are discussed briefly in the following paragraphs. 


t The observations and light-curve are published in Astronomische Nachrichten, 
168, 283, 1905, and Bulletin astronomique, 22, 232, 1905; see also Astronomische 
Nachrichten, 165, 183, 1904; Astronomical Journal, 22, 162, 1902; Popular Astronomy, 
21, 142, 1913. 

2In conspicuous disagreement are the results deduced by Yendell from visual 
estimates, Astronomical Journal, 22, 162, 1902. 
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The comparison star used in observing RX Herculis is a=B.D. 
+12°3546 (7™7). The observations were unusually difficult on 
account of the brightness of the two stars, and because many of the 
measures were made when the field was very low. Of the total of 
133 sets (each of 16 comparisons) 63 were made during changing 
light. The 70 sets outside of eclipse, in agreement with Luizet’s 
results, show no deviation from constant light. Hence the shorter 
period, which demands a secondary at the phase of 0.445 days, 
becomes doubtful. Moreover, an examination of the observations 
during changing light shows that the branches are not so steep as 
measured by Luizet and, therefore, that the double-period solution 
for the orbitis now suitable. 

An investigation of the depths of alternate minima did not 
reveal definitely, so far as my observations were concerned, any 
difference larger than may be accounted for by errors of observation, 
but the data bearing on the point were rather weak. There was 
an indication that the minima at even epochs were slightly deeper, 
but it was not until the Harvard observations were examined that 
the difference was established beyond doubt. Consequently the 
photometric orbit already published is based upon an assumption 
of eclipses equally deep.t. The existence of unequal minima shows 
at once that only one-half a revolution period elapses between suc- 
cessive eclipses. A third point in favor of the double value of the 
period is the spectroscopic evidence obtained at the Yerkes Observa- 
tory. The lines due to both components are visible on the plates 
made in 1905.2, The recent measurement of these plates has fur- 
nished the data upon which the present spectroscopic orbit is based. 
They will be discussed on a later page. 

A new mean epoch of heliocentric minimum, derived from the 
curve of the several partially observed eclipses, is J.D. 2419- 
658.5882, G.M.T. This time is eight minutes in advance of that 
predicted and, assuming that no secondary oscillations exist, fur- 
nishes a small correction to Luizet’s period. The new light-elements 
are: 

Primary Minimum=J.D. 2419658. 5882+127785740 E. 

* Astrophysical Journal, 38, 163, 1913. 

2Tbid., 22, 215, 1905. 
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The weighted mean of the maximum light measures is a—v=0"877 
+0004, the probable error of a single observation being +0™033. 

Through the kindness of Professor Pickering the proof sheets 
of a series of 127 observations of RX Herculis, made at Harvard by 
Professor Wendell during the years 1906-1910, have been furnished 
me in advance of publication in Harvard Annals, 69, Part II. The 
measures were made with a polarizing photometer identical with 
the one used at Princeton, and as each set consists also of sixteen 
comparisons, the combination with equal weight of the observa- 
tions of the two series is entirely justifiable. The maximum light, 
according to 23 observations by Wendell, is 7"07+0™006, and the 
probable error of a single observation is slightly less than +o0™o03. 
For combination with the Harvard results all the Princeton mag- 
nitudes were reduced so that the maximum magnitude should have 
the above value. 

The preliminary plot of Wendell’s observations confirmed the 
correction to Luizet’s light-elements, but in addition showed an 
outstanding displacement of the minimum. This latter difficulty 
was found traceable to the chance adoption without alteration of the 
originally published initial epoch, which was referred to the Paris 
meridian, while the observation times are al] referred to Greenwich. 
Two positive corrections have been applied, therefore, to the phases 
published at Harvard: one of ten minutes to reduce to Greenwich 
time, and the other increasing with the time from four to seven 
minutes to allow for the revision of the period. 

With these adjustments the two sets of observations are found 
to be in extremely good agreement. The difference in the depths 
of successive minima of nearly a tenth of a magnitude is shown 
distinctly. In primary minimum there are 38 observations from 
Harvard and 41 from Princeton; in secondary, 66 observations 
from Harvard and 25 from Princeton. In the following tables of 
normal magnitudes the observations in the two minima are col- 
lected in order of phase into groups of five." The phases refer to 
the middle epochs of the two minima. The third and fourth 


« Half-weight is given to two Princeton observations made under very unfavor- 
able conditions. The phase of one Harvard observation is arbitrarily altered because 
of the evident impossibility of the recorded time of observation. 
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columns give the number of observations contributed from Harvard 
and Princeton, respectively, to each normal. The last two columns 
contain the residuals from theoretical light-curves computed on the 


bags —tho obo + rho 200 


a 
ion Breeeeced! 
Se 
pea Se ae 


Fic. 1.—The mean light-curve of RX Herculis; primary minimum above, 
secondary minimum below. 


two hypotheses of uniformly luminous disks and of disks completely 
darkened at the edge. In Fig. 1 are given the normal points and 
the computed uniform light-curves, with the primary minimum at 
the top of the diagram. 


THE SPECTROSCOPIC OBSERVATIONS 


The total available spectroscopic data for RX Herculis consist 
of four spectrograms, made with the Bruce spectrograph at the 
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Yerkes Observatory. Because of the faintness of the star and the 
nature of its spectrum, the investigation of its orbit has not hitherto 


4 TABLE I 


NorMAL MAGNITUDES OF RX HERCULIS NEAR PRIMARY MINIMUM 


No. OBSERVATIONS O-C 
No. PHASE MAGNITUDE 

Harvard | Princeton Uniform Darkened 
sy oe —r153™o 3 2 7.136 —o™o03 —o™o1 
Te ee TARR IT —I 27.1 ° 5 7.206 + .o1 “o2 
ee Der —I 4.6 2 3 7.380 + .o1 + .o1 
7 hee oe MEE hes —O 47.4 2 3 7.442 — .o1 O02 
Se Pet et clare —o 29.8 3 2 7.504 + .02 + .o1 
OReertos are —6 13.2 2 3 7.600 — .02 .00 
oF Roe a ay ak +o 5.0 3 2 7.636 .00 ap ee 
SS erie oe ec Sia +o 18.0 2 3 ifessyhs) — .03 — .02 
On ree ee e +o 34.8 2 3 TSU — .O1 — .02 
TOC Schon emivie xc +o 55.4 2 2 7.414 .00 .00 
ET Raa heat +1 14.4 3 2 7.284 — .03 — .04 
Taste choir eyes scnre Sa BIS 4 I 7.216 = oR —— On 
ES esa ae aise +1 46.8 2 2 PP ap cK Od. 
BA ya etoncinjes Gialeiets 428 Sh 2 8 7.154 + .O1 OR 
ES Siok ews sissies seo Aa 3 2 7.096 + .O1 =p 202 
EB Oioreecs svete ens’ 553 Geog I 3 7.058 —0,03 =—O.038' 

TABLE II 


NorMAL MAGNITUDES OF RX HERCULIS NEAR SECONDARY MINIMUM 


No. OBSERVATIONS O-C 
No. PHASE MAGNITUDE 

Harvard Princeton Uniform Darkened 
Lereec sey crepes — 2h4o™o ° 5 7022 —o™o05 | —o™o5 
7a iia RRR —I 37.8 3 2 7.206 + .01 + .03 
Ea Re ter ceaeaetcioee —E 18.4 4 ti 7.280 + .o1 + .02 
7S coe ROI Tee —I 3.8 4 I Tear + .04 + .03 
Bitte eeraccrorutahsiat —o 53.6 5 ° Te 352 — .02 — .03 
OF ee ceei etn os ieeis —o 42.8 3 2 7.436 + .02 + .o1 
PER Nera Here as —o 31.8 4 I 7.490 + .02 + .o1 
Saari ees ce —o 18.0 4 I 7.536 + .02 .00 
Ota ce ieee —o 5.0 4 u 7.498 — .05 — .06 
TOw meres. ste +o 10.8 4 is OD) — .o1 — .03 
EE betcha ot casceee ee +o 21.8 4 I SO? .00 — .02 
Ti Dee tarsal ree sual +0 34.4 3 2 7.444 — .02 — oA 
LC ene ee Pen +o 47.2 4 I 7-394 =). OL —., 
i Nee AO aI +o 59.8 8 2 7.380 + .03 + .03 
TiS eeritart os, oar +1 14.8 4 I 7.302 =+- .02 = .03 
LOM ercremicisits +1 26.6 3 2 7.226 — ,o1 ie? 

POSEN ae +I 41.2 4 I 7.174 — .o1 ; 

3 OOOO ENS +2 tes 6 fo} 7.138 +o0.02 +0.03 
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been attempted, and only a short note has been published in general 
description of the spectral lines. At my request Professor Frost 
very kindly consented to measure the plates, as far as might be 
possible, and has recently communicated to me his results. Upon 
one of the plates the lines were too indefinite to permit a quantitative 
estimate of the velocity. For the other three the results are as 
tabulated in Table III. Concerning these measures Professor 
Frost writes: 


For the first two of the plates the results are clear, and have some fair 
degree of reliability, but I would not affirm that they were nearer than 10 km 
Ole here rut her ae. I have re-examined the plates with a view of distinguish- 
ing between the components in intensity. The slightly less intensity of the 
broader component makes estimation difficult. On Plate 558 at A 4481, broader 
component (toward red) showed slightly fainter than narrower component. The 
same remark refers to Plate 562. On Plate 839 the width and intensity of the 
components at A 4481 were thought to be equal and the same for the other lines 
on that plate. 


TABLE III 
PRIMARY COMPONENT SECONDARY COMPONENT 
PLaTE No. DATE G.M.T. 
Velocity No. Lines Velocity No. Lines 
top socne 1905, July 16 16528™ + 84 km 2 —130 km 2 
BOP. 5b 06 1905, July 21 Gh tt + 42 3 — 74 4 
S30neae ar 1906, Sept. 8 ney QE — 108 3 ae FS 2 


On plate 839 the measure of one component of the line at \ 4481 
gave a velocity of +188 km. The note is added: 

I cannot well account for the discrepancies in the positive values, but the 
very large positive displacement at A 4481 is evident. The two other positive 
lines gave values of +69 and +82 km. 

As this large positive value is in glaring disagreement with all 
the other measures on all the plates, there is nothing to do but 
neglect it completely. 


THE PHOTOMETRIC ORBIT 


Although a fairly good photometric orbit of RX Herculis is 
already available,’ it was thought best to revise the solution because 


* Astrophysical Journal, 22, 215, 1905. 
? [bid., 38, 158, 1913. 
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of the additional photometric material from Harvard. The com- 
putations have followed the usual lines,’ except that in certain 
details the spectroscopic data have influenced the choice between 
possible, ambiguous interpretations of the light-variations. The 
revised light-curve has shown definitely that the minimum at the 
even epoch is the deeper. The star approaching after that eclipse, 
according to the estimates of Professor Frost, is probably somewhat 
the fainter. At first glance there may appear to be a contradiction 
here. In general at the deeper minimum the star of greater sur- 
face intensity is eclipsed,? and almost invariably in practice the 
component with greater surface brightness has the greater total 
brightness.’ If, however, the more intense star is small enough 
relative to its companion, it may have less than half the light and 
accordingly show fainter spectral lines. It is found from a study of 
the light-curve that RX Herculis is one of these rare exceptions 
and that the condition—fainter component smaller and with greater 
surface intensity—is not only possible but is required by the most 
probable solution. 

Let us consider first the orbit from the standpoint of uniformly 
luminous disks. The range of variation at primary minimum is 
o™57 and at secondary 0o™48, corresponding to losses of light in 
terms of the total of 1—A,=0.408 and 1—A,=0. 357, respectively.4 
The solution of the light-curve at the two minima gave x (R, ao, 4) 
= 2.01, with an uncertainty of 0.01. With the above value of 
the losses of light this allows an indeterminateness of small range in 
the values of & and a. (the ratio of radii and fraction of eclipse) 


s ii —), 
when computed from the relation ao= Lee Micloea roe . Ifwe assume 


tA detailed discussion of the method of solving for the orbital elements on the 
basis of two partial eclipses is to be given in Contributions from the Princeton Uni- 
versity Observatory, No. 3, and an application is there made to the light-curve of RX 
Herculis. 

2 This does not necessarily hold if the orbit is eccentric and the inclination differs 
from go°. For RX Herculis, however, we assume a circular orbit; later this assump- 
tion is proved. 

3 There are only three or four exceptions out of a hundred eclipsing binaries. 

4 The notation and formulae used in the present paper are essentially the same 
as those in former discussions of eclipsing binaries published in the Astrophysical 
Journal during the last two years. 
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that the large star is in front at primary minimum, k must lie 
between unity and 0.87; if we assume the small star to be in 
front at primary minimum, & must lie between unity and 0.98 or 
between 0.87 and o.80, and for the last mentioned value the 
secondary minimum would be grazing total. The foregoing values 
of k are all possible without misrepresenting the curve; the best 
value ,however, appears to be k=0.90 (small star eclipsed at pri- 
mary) to which corresponds a,=0.85 and x (k, ao, ¢)= 2.010. 

Suppose that from among the several possible values of the ratio 
of radii we choose k=1.00; then aa=1—A,+1—A,;=0.765. The 
light of the star eclipsed at primary is then 53.3 per cent of the 
total, and the component approaching after primary eclipse would 
be fifteen-hundredths of a magnitude brighter than its companion, 
rather than fainter as indicated by the spectrograms. Obviously, 
then, the star in front at the primary eclipse must be the larger. 
If k=r,/r,=0.936, the components would be just equal in bright- 
ness. For the best values of the last paragraph (k=0.90, a=0.85), 
however, the condition is attained that is in complete accordance 
with the light-curve and the spectrograms, for then the light of the 
star eclipsed at primary minimum is 48 per cent of the total; that 
is, the more intense surface, being the smaller, is approximately 
a tenth of a magnitude fainter. It is possible also that the differ- 
ence in breadth of the spectral lines may be attributed to the 
inequalities of the components. 

The solution for the elements on the darkened hypothesis gives 
results differing but little from those derived on the foregoing 
assumption. The computations have been much more difficult, 
however, because for unequal stars the theoretical light-curves at 
the two minima differ considerably from the uniform, and per- 
ceptibly from each other. The ranges of variation at the two 
minima were altered for this reason to o™55 and o™49, respectively. 
There was again a small indeterminateness in the solution for k 
and aj, and therefore the same division of light was assumed as 
was derived before. For L,=0.48, L,=0. 52, the ratio of the stars: 
by chance came out the same. Their dimensions also are but 
little changed from the uniform values, chiefly because the com- 
puted duration of darkened eclipse is only three minutes longer 

go 
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than for the uniform orbit. There is much less uncertainty in the 
photometric orbit of this star because of the indecision between the 
darkened and uniform hypotheses than is usually the case. 
Light-curves have beeri computed for the two eclipses in both 
cases and the residuals from them are given in the last two columns 
of Tables I and II. The average deviation during changing light 
is +o™o18 for the uniform solution and +o™o20 for the darkened. 
The residuals are slightly smaller in primary than in secondary 
minimum. The representation of the observations in the minima 
is approximately of the same accuracy as during maximum light, 
and no attempt further to improve the accordance of theory and 
observation is justified. A shift of the epoch of secondary by a 
minute or two would reduce the average deviation slightly and 
would break up the apparently systematic nature of the run of 
residuals, but the adjustment would be within the possible errors 
of the observations and would not affect the computed elements. 


TABLE IV 
ELEMENTS OF THE PHOTOMETRIC ORBIT OF RX HERCULIS 
Uniform Darkened 
IRALIOIOL Kadi Rn waite te ae ro eine ©.90 0.90 
Fraction vot eclipse: ao, 6,5 «cick 0.85 0.828 
DRONE D (dea Co) odrad tases pee oisyeutees cone Sake —0o.728 —o.691 
SIN Cee ee, MME Meche greite dee oa ain ©.I41I 0.1476 
Semi-duration:oL eclipse, fajac... see gh37m 2hb4om 
Radius of brighter star, 72...-.........- ©. 201 ©. 206 
RadiiscOh talntersstar, 7. sei oe 0.181 0.185 
Least apparent distance of centers, cos 7.. 0,069 0,078 
Tnclination'of ‘orbit plane, 72... - 86°0 85°5 
icishtiobsbrchter star. lesen aa cre 0.52 (0.52) 
Rightotsralnitemstar by ere cn ier rais= 0.48 (0. 48) 
Ratio of surface intensities, Le ee ity 1.14 
“‘Equal-mass” density 
Brightistaty pe cease -ciemuiencuers 0.26 0.25 
Baimntstaripres coat scr tae ioe 0.36 0.34 


The two sets of elements are given in Table IV. The epoch and 
period have been given on a preceding page. The ellipticity of the 
stars is negligible according to the maximum light-measures. The 
eccentricity of the orbit is discussed in the following paragraphs. 
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DISCUSSION OF ECCENTRICITY 


In the solution for the elements of the photometric orbit the 
apparent equidistance, equal widths, and symmetry of the two 
minima have been accepted as sufficient proof that the orbit is cir- 
cular. It may be of interest to see how great an uncertainty there 
is in this assumption. The two components of the eccentricity, 
ecosw and esinw, are determined independently of each other 
from the light-curve, the former with high precision from the dis- 
placement of the secondary minimum from the midpoint between 
the primaries, and the latter indirectly, and with less ease and 
precision, from the relative durations of the various phases of the 
two eclipses. Considering first the transverse component, 


us 


Cos = ———_____. 
Manik P(1+cosec? 2) 


(.-1-=) =0.88% (disp. in days) (4) 
Inspecting the light-curve, we find that the combined uncertainty 
in the epochs of the two minima cannot exceed five minutes and is 
probably less than three. A change of epoch by as much as five 
minutes would nearly double the average value of the residuals. 
Hence e¢ cos w is certainly less than +0.003. 

To determine strictly the uncertainty in assuming e sin w=o, 
we should make independent solutions of the light-curve of each 
minimum, using only the depth of the other to make the derivation 
of the elements complete. Then, with close approximation, 
rf —r. 


ri(1.33-+0.67 cos 0’) 


é sin o= ( 5) 
where 7, and r/’ are the radii of the larger star derived from the 
solution of the primary and secondary minimum, respectively, and 
0’ is the phase angle of the end of eclipse. It is sufficient for the 
present purpose, however, to notice that when the inclination is 
go” and k=1 (both of which conditions are approximately fulfilled 
in this and similar cases), the uncertainty in the radii is one-half 
that in 6’. Again referring to the light-curve, we find that the 
uncertainty in the adopted values for the semi-duration of eclipses 
is less than +4 minutes at the primary, and less than +5 minutes 
at the secondary; that is, since t=P6/2r, 6’ must lie within 
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+0.o10 for one eclipse and +0.o012 for the other of the values 
adopted. Hence r;—ri’/<+0.011, and since the radius of the 
larger star is approximately o.20 we conclude from equation (s) 
that e sin #<+0.03. Combining this result with that obtained 
for e cos w, the eccentricity is found to be not larger than 0.03. Its 
adopted value is zero and the probable error is estimated to be 
less than +0.02. 


THE SPECTROSCOPIC ORBIT 


The discussion up to this point has disposed of the elements 
P,T,e,andw. It remains only to derive y and K from the velocity 
variations by means of equation (3), and the spectroscopic orbit 
is complete. Using the light-elements given on a previous page, 
the phases of the middle of the exposure times have been com- 
puted. They are given in Table V, column 4, expressed in mean 
longitudes and referred to the preceding principal minimum. The 
primary star is taken to be the one eclipsed at secondary minimum. 


TABLE V 
SPECTROSCOPIC OBSERVATIONS OF RX HERCULIS 


PrmMARY COMPONENT | SECONDARY COMPONENT 
. JuLian Day 2 : 

PLATE No. AND POCH HASE 

Observed Observed = 

ee Velouity 0-C Velodty o-C 

(felen ore Bie 2417043 .686 | —1473 | 279°2 | —130km|—7km| + 84km|—2km 
BOQ cite ets 2417048.709 | —1408 | 215.8 | — 74 +655 + 42 —1.5 
82.0) et 2417462.642 | —1235 | 120.0 | + 75 +1.5 | —108 +2.5 


Plotting the observed velocities against the phases, we have Fig. 2. 
A preliminary solution shows that it is possible to assume the com- 
ponents equal in mass and be well within the probable accuracy of 
the observations. Then K,=K, and we have six equations for the 
determination of yand K. Their solution gives: 

y= —18.5+1.4 km 

K=106+1.7 km 


The residuals from the velocities computed with these elements are 


given in Table V, and, so far as they go, give +3.5 km for the 
probable error of the mean of the measures on one component on 
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one plate. This accuracy is even more than was hoped for, con- 
sidering the faintness of the star and the nature of its spectrum. 
It is to be noted, however, that the plates were purposely made 
near times of greatest separation of the lines and troubles from 
blends were thereby avoided. 


°° 60° 120° 180° 240° 300° 360° 
+80 LS Oe a 
| ee 
+40 
fo) 
—18.5 
—40 
— 80 
—120 


Fic. 2.—The velocity-curve of RX Herculis 


It is evident from the velocity-curve that the residuals can still 
be reduced slightly by assuming the masses not equal. There is an 
indication that the secondary star, that is, the one with 48 per cent 
of the light but with the greater surface intensity, is a trifle the more 

94 


ORBITS AND LINEAR DIMENSIONS OF RX HERCULIS 15 


massive. But as is well known, the fainter companions of all 
spectroscopic doubles have smaller relative masses. This is with- 
out exception, as far as the writer knows. The above condition, 
then, would be in disagreement with the general rule. But it is 
at the same time true that, in all cases where such information is 
available, the star of least surface brightness is the one of smaller 
mass (for small total light and small surface luminosity go together 
in general). That would be in agreement with the suggested differ- 
ence in mass of the components of RX Herculis, but the point is of 
little importance in this case of nearly equal stars. The masses 
are without doubt sensibly equivalent and will be so considered. 


St ee on = 
——— a 


Fic. 3.—The system of RX Herculis compared with the sun 


a, at secondary minimum 
b, at greatest elongation 


The following are the adopted elements of the spectroscopic 
orbits: 
P=1.7785740 days 
[= 202°4093 
T=J.D. 2419658.5882 G.M.T. (primary minimum) 
€=0.00+0.02 (estimated) 
K,=K,=106+1.7 km 
y=—18.5+1.4 km 
ad; sin i= 4a, sin 1= 2,590,000 km 
m, sin’ i=m, sin} 1=0.88 
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The probable errors of the apparent orbital radii and apparent 
masses are probably less than 2 per cent, but exact computation 
is not possible since the probable error of the adopted period has 
not been computed. The star is near the solar apex, and therefore 
the apparent motion of the center of mass of the system is evidently 
to be ascribed almost entirely to the motion of the sun. The mass 
of the system is smaller than we usually find for binaries of early 
spectral types. 


ABSOLUTE DIMENSIONS 


The spectroscopic and photometric elements may now be com- 
bined and we get the following comparison between RX Herculis 
and the sun (see Fig. 3): 


Uniform Darkened 
Mistanceyoticenters: ins sOlakiad ieee eee Meee eee Tea TAT 
Radius of brightenstatansolarradlines see eee I.50 1.54 
Radius of taintenstanin solar radio. armies eee eee 235 18 Bes 
Apparent distance of centers at middle of eclipse in solar 
TAGS Oe cient ee cteticned Soh tcl oe RIA Cree ea eee 0.52 0.58 
Massiotiedchistar ac t,. cece Sane ce eich eee 0.890 0.890 
Mensityotbrichterstatccran eee ere Cee ere 0.260 0.250 
Density ob famter stanaaaree eee eee eee 0.360 0.340 


From the description of the spectrum of RX Herculis in A stro- 
physical Journal, 22, 215, it should evidently be classed as Bop, 
the anomalous character being the simultaneous presence of \ 4481 
and the faint helium lines. If we knew the relation between the 
luminosity of its surface and that of a G-type star, we could at 
once deduce its parallax, since we know the stellar magnitude and 
the relative surface area of the star with respect to the sun. Or, 
vice versa, if the parallax were measured directly we could find 
the relation between the surface luminosities. 

Assuming various values of the relative brightness of unit sur- 
face areas and expressing this quantity in stellar magnitudes (taking 
the solar surface as the standard), the computation for the parallax 
has been made, using the data derived for the brighter component 
(magnitude 7.78), with the results givenin the following table (p.97): 
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Surface luminosity with re- 

SPectto thersuns. ceo. — 3™o — 2% —1™9 oo 
Corresponding brightness 

per unit surface area... . 15.80 6.30 2.50 I.cO 
Absolute magnitude. ...... # oM82 182 2™82 3m82 
Parallax cSt ue sacs «2 o” 0041 0” 0064 o”0102 o” 0162 
Total light of brighter star. 37-30 14.90 5.90 2.40 


The four assumptions with regard to the surface luminosity 
correspond roughly to what we judge from other sources to be the 
relative intensities for spectral types B, A, F, and G, respectively. 
We should expect, then, that the parallax of RX Herculis is of the 
order of 07006 and that the total light-emission of the system is 
thirty times that of the sun. 

Among the faint eclipsing binaries similar to RX Herculis 
are the following, for which in a corresponding manner spectro- 
scopic material of considerable value might be obtained without 
great difficulty: 


Magnitude Spectrum 
U Ophiuchi.... Se 7. B8 
Wi Cveniven. cs 6.9 A 
Z Herculis: =... vie F 
RR? Centauri 2); Wott F 
W Ursae Majoris 7.9 G 
SUMMARY 


1. The solution for the elements of the spectroscopic orbit of a 
faint star is shown to be easily possible when only a few measures 
of the radial velocity have been obtained, provided that the system 
is also an eclipsing binary and provided that the period, the epoch 
of minimum, the eccentricity, and the longitude of periastron have 
been derived from the light-curve. 

2. A new photometric orbit of RX Herculis has been computed 
from unpublished observations obtained at Harvard and Princeton 
(Table IV). Alternate minima are found to differ in depth by 
nearly a tenth of a magnitude. The stars are nearly equal in size 
and are sensibly spherical. Their surfaces are separated by three 
times the radius of the larger star. 
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3. From measures of the lines on three plates made with the 
Bruce spectrograph at the Yerkes Observatory, it has been possible 
to derive very satisfactory spectroscopic orbits of both components. 

4. The combination of elements from the photometric and 
spectroscopic orbits gives the actual dimensions of the stars. (Such 
information is reliably known for only two other binary systems.) 
The mass is unusually low for an early-type star. The density is 
slightly above normal. The volume of both components is six 
times that of the sun. 

5. With a reasonable assumption regarding the surface lumi- 
nosity, the parallax of the system is found to be o%006. The 
total light of the system is likely more than thirty times that of 
the sun. 


Mount Witson Sotar OBSERVATORY 
July 26, 1914 
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NEW VARIABLES IN THE CENTER OF MESSIER 3 
By HARLOW SHAPLEY 


In the investigations of the variable stars in the globular cluster 
Messier 3 by Professor Bailey at Harvard," the central portion could 
not be studied successfully on his plates because the great density 
of stars made it impossible to distinguish individual images. Thus 
practically all of the region within one minute of arc of the center of 
the cluster has remained unexplored. Outside the central burned- 
out nucleus Bailey found 137 variables,? and for 110 of them has 
determined the periods and light-curves, finding that in all cases 
the periods are shorter than eighteen hours and that the variation 
is of the typical cluster type. Judging from the relation between 
the number of variables and the total number of stars at different 
distances from the center, Bailey estimated that there should be 
about twelve more variables in the central part of the cluster. 

Photographs of the cluster made with the 80-foot-focus Casse- 
grain combination of the 60-inch reflector have a scale sufficiently 
large to permit a relatively easy examination of the individual 
brighter stars of the central region. Six plates have been obtained 
on three different nights, three with exposures of an hour each and 
three with exposures of fifteen minutes. The intercomparison of 
the plates in the Zeiss stereocomparator resulted in the discovery of 
more than 30 new variable stars. For several of these it is not 
possible to be absolutely certain of the variation, because either 
the ranges are small or the variation is observed on only two of the 
plates available. For 23 of the stars, however, there can be no 
doubt of the variability. It may be possible later to add a few 
more to this list of variables from among those suspected. Only 
two of the 23 are more than one minute of arc from the center of the 


t Harvard Annals, 38; ibid., 78, Part I. 

2 The later measurements of the plates at Harvard indicate that about five stars 
of the original list are probably not variable and that a few others are somewhat 
doubtful. 
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cluster. The outer portions of the cluster were not systematically 
examined, for Bailey’s thorough study no doubt makes that 
unnecessary. 

In Table I the new variables are listed in order of right ascension. 
All but two of them are contained in von Zeipel’s catalogue of 
Messier 3, which gives the positions of 1571 stars.* The numbers 
in the second column of Table I, and the right ascensions and 
declinations in the third and fourth columns are taken from that 
work. For No. 1 and No. 14 the positions were determined by 
reference to neighboring stars. In a large number of cases the 
catalogue position refers to the mean place of a double, triple, or 
multiple star.which could not be resolved on the plates measured 
by von Zeipel and usually was not even suspected of being other 
than a single star. In such instances the notes following the table 
indicate which component is the variable. 

The last two columns of Table I give, respectively, the maximum 
and minimum magnitudes observed on my plates. These numbers 
should not be taken as in any way indicating the total range. For 
many of the variables the length of the exposure no doubt mini- 
mizes the brightness at the sharp-pointed maxima; and many of 
them may be very close composite stars with one component 
varying through a large range, but without having conspicuous 
effect on the image of the composite mass. The magnitudes are 
based on estimates referred to Bailey’s series of comparison stars 
as standards. 


NOTES ON THE INDIVIDUAL STARS IN TABLE I 


No. 1.—The new variable is the preceding companion of von Zeipel’s 
No. 486, which is also Bailey’s variable No. 29. Bailey partially resolved the 
double and considered at least one of the pair variable. Both components 
vary through a wide range. 

No. 3.—Von Zeipel thought this was perhaps a double and made measures 
on the two ends of a nebulous streak as well as upon the middle. The star 
appears single on the Mount Wilson plates. (No star is seen in the neighboring 
catalogued position of No. 655.) 

No. 4.—This is apparently a composite star, but it is the central nucleus 
that undergoes variation. 


* Annales de Observatoire de Paris, 25, F1-Fror, 1908. 
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No. 5-—Von Zeipel’s No. 676 is composed of five distinct stars, of which 
the variable is the brightest and most centrally located. 

No. 7.—The variable is the brighter and southern component of’a close 
double. 

No. 9.—Von Zeipel’s position refers to the center of mass of the image of a 
double. The variable precedes its faint companion and at minimum is equal 
to it in brightness. 


TABLE I 


New VARIABLE STARS IN MESSIER 3 


: MAGNITUDE 
No. yee s @ 1900 § 1900 
Maximum Minimum 
13°37" 28° 
Re Se Ra (aaa ae 30812 Gu AL 15.4 16.9 
Bera eeaterente 620 32.785 Go awe: I5.6 L750, 
BU tier stash a 638 33.005 53 16.59 16.0 16.8 
BS sche fort etoes 654 SS ES5L 52 39.27 16.2 16.7 
Sarisdeteyers atest 676 33-440 BD Sai All ML) 16.8 
Ocksetersrercraaes 678 33.479 52 18.38 5S 16.8 
We roaeneriecte etsts 698 33.810 53 30.42 iS 16.7 
aS ee ae 703 33.870 52atQ.52 16.6 17.1 
Quer eetre 714 33.970 53 15.904 15.4 16.9 
160) Seay eae 742 34.303 52 16.45 15.6 I7.0 
Ee nealore sete kt 749 34.469 Sou 25057, 16.0 yjafl 
Oeste ficueccs 769 34.707 a PANS 7) 16.3 I7.0 
be Ye Sener 783 34.905 eh Bigle: 143 14.9 
Tg verarencrets sbsjnin |e kctoconcyeres ses steele « 35-35 52 50.8 I5.9 ig) 
TS eps ner a's 881 36.140 Pd) (993 10) 16.0 16.9 
LO sie erste ke 892 30.344 BORA ass D5 TG) 
1 Pe SE gor 36.408 52) 2274: I5.0 16.8 
TE Siapere hese la <ees 944 37.116 53. 8.76 TS 674 16.8 
EOicpenste nc foto 950 37.178 52 28.92 ses gpa 
DOr suave wishes 985 37.660 Sey hy) es Teo 16.5 
DE Wane alee avs 1052 38.665 Sey APB 16.5 17.4 
2 ayer ape) Teal 1092 39.538 53. 9.70 16.3 16.9 
PA ACEC OT I193 42.194 5I 59.27 T5e7 16.8 


No. 12.—The variable is the following component of a close double. 

No. 16.—The variable is one of a group of stars whose images are partly 
superposed. The variation is very definite, though small; it would probably 
be measured much larger if the variable could be isolated. 

No. 17.—The variable is the most southern member of a triplet. 

No. 19.—Two or three faint companions precede the variable. Von Zeipel 
thought the image irregular in form. 

No. 21.—The variable is the northern, following component of a double. 

No. 23.—Von Zeipel’s No. 1193 is a close double, two minutes of arc 
distant from the center of the cluster. The variable, which is the preceding 
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component, is brighter than its companion at maximum and fainter at minimum. 
It is not certain that the companion does not also undergo an appreciable 


variation. 

It is to be noted that one-third of the new variables are equal 
to or fainter than17™o at minimum. The faintest minima observed 
by Bailey were 169, and he has suggested that the apparent absence 
of variables among the thousands of fainter stars is probably real. 
It is not possible from the data now available, beyond the evidence 
of the above table, either to support or to oppose this hypothesis, 
but in the next observing season it is proposed to secure plates that 
will definitely decide the matter. The light-curves and periods 
have of course not been determined for the new variables, but they 
are presumably analogous to those derived by Bailey for stars more 
distant from the center. 

Table II contains the data relative to the stars suspected of light- 
variation. The arrangement is the same as in Table I, and the 
notes explain some of the individual cases. 


TABLE II 


STARS SUSPECTED OF VARIATION 


MAGNITUDE 


No. Von Zeers @ 1900 5 1900 
Maximum Minimum 
13°s7e 28° 
ieee Ay re re me 604 328407 53/ 16% 29 16.5 16.8 
PH tents tera 624 32.806 SOSA OR e ol rae tamnrtces serel| wise rete ae 
EBiahter a coin ioleorss chal Sia texatyoeensoretet 32.97 52 52en 16.0 16.5 
BOSE oxetseds © 666 B3an328 53 14.79 16.3 16.6 
nese Gobi 702 33.866 52 28.34 0555 15.8 
Oran (aiaee cs ioe 705 33.878 53 30.93 D515 16.0 
Tishstiseescis tesa 712 33-952 53 4.89 D577 16.5 
Sierebovecenaatens 720 34.119 52 ZOOS) Iaelstsvatereteo« nailer ax vere eee 
Orit eee 894 36.362 53-5223 || coslonstetaveneraleveus| cleeeteldl seniors 
TO moyse.Woisedtroe 1007 38.036 53 49.59 16.5 16.9 
PEieisyakoneas aus avs) acaehn sere ease 38.58 CMR lta oe Den eae aos 
2 a cevsncteee eres ses I106 39.988 52 38.22 ee 17.6 
1:3 hevensy ee ieeaye II42 40.867 iB FeUOL ST Netvaneingtys wleterat ell ster re meme rteretens 


NOTES ON THE INDIVIDUAL STARS IN TABLE II 


No. 2.—Von Zeipel’s 624 is a triplet. It is difficult to tell which of the 
stars varies, but it is probably the following component. 
No. 7.—The suspected variable is one or other of the two brightest stars 
in the composite mass catalogued as No. 712. 
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No. 8.—This star is apparently somewhat out of the position given by von 
Zeipel. It was at the limit of measurement on his plates. The variability 
is doubtful. 

No. 9.—This extremely close double is Bailey’s variable No. 2. It is 
almost certain that both components are variable. The preceding component 
varies through a range of a magnitude at least. 

No. 10.—The suspected star is the faint preceding companion to von 
Zeipel’s No. 1007, for which the position is given in the table. 

No. 12.—A defective image may be the cause of the suspected variability. 

No. 13.—The suspected star is the closest of the two faint preceding com- 
panions to von Zeipel’s No. 1142, for which the position is given in the table. 


Several variables of Bailey’s list, which were found by him to 
be difficult of separation from surrounding stars or which for other 
reasons could not be studied or definitely proved variable, were 
examined on the Mount Wilson plates. The results are collected 
in the following notes. The numbers are those assigned in Harvard 
Annals, 78. 


No. 2.—See the reference to this star in the note on No. 9 in Table II 
above. Only a very small range was observed at Harvard and no period was 
derived. 

No. 4.—This relatively bright star was suspected of a small variation at 
Harvard. Mount Wilson plates show a variation from 14™0 to 15™3. 

Nos. 8, 30, 73, 95, 98, 127, 129, and 130, all of which are stars concerning 
whose light-variability there is some question, show no appreciable variation on 
the Mount Wilson plates. 

The suspected variability of No. 99 is definitely confirmed. 

The variability of No. 122, doubted by Bailey, is established. The star 
is a close triplet and the variable is apparently the following, southern com- 
ponent. 

Nos. 135 and 136.—Bailey writes concerning both of these stars, which 
are near the center of the cluster and difficult, that the variation, if genuine, is 
very small, though when first examined the stars seemed to vary. For the 
former the variation measured at Mount Wilson is from 153 to 1678, and for 
the latter from 15"7 to 1676. 


Mount WItson SOLAR OBSERVATORY 
August 13, 1914 
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ON THE NATURE AND CAUSE OF CEPHEID VARIATION*® 
By HARLOW SHAPLEY 


The purpose of the present discussion is an attempt to investi- 
gate the question of whether or not we should abandon the usually 
accepted double-star interpretation of Cepheid variation. In ad- 
dition to the brief statement of some general considerations and 
correlations of the many well known characteristics of Cepheid 
and cluster variables, certain recently discovered properties of these 
stars are discussed in greater detail, because chiefly upon them are 
based the conclusions reached in this study. 

It seems a misfortune, perhaps, for the progress of research on 
the causes of light-variation of the Cepheid type, that the oscilla- 
tions of the spectral lines in nearly every case can be so readily 
attributed, by means of the Doppler principle, to elliptical motion 
in a binary system. ‘The natural conclusion that all Cepheid vari- 
ables are spectroscopic binaries has been the controlling and 
fundamental assumption in all the recently attempted interpre- 
tations of their light-variability, and the possibility of intrinsic 
light-fluctuations of a single star has received little attention. 

From the very first there have been serious troubles with each 
new theory. Considered from the spectroscopic side alone, the 
Cepheids stand out as unexplainable anomalies. There are per- 
sistent peculiarities in the spectroscopic elements, such as the low 
value of the mass function, the universal absence of a secondary 
spectrum, and the minute apparent orbits. Practically the only 
thing they have in common with ordinary spectroscopic binaries 
is the definitely periodic oscillation of the spectral lines, which 
permits, with some well known conspicuous exceptions,’ of 

Read at the seventeenth meeting of the American Astronomical Society, 
August 1914. 

2 The irregularities in the velocity-curve of ¢ Geminorum have been discussed by 
Campbell (Astrophysical Journal, 13, 94, 1901), Russell (Astrophysical Journal, 15, 
260, 1902) and Plummer (Monthly Notices, 73, 661, 1913). The deviations from 


purely elliptical motion in the case of W Sagittarii have been considered by Curtiss 
(Lick Observatory Bulletins, 3, 36, 1904; Astrophysical Journal, 20, 149, 1904); in the 
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interpretation as periodic orbital motion. Adding, then, to the 
spectroscopic abnormalities the curious relations between light- 
variation and radial motion, the difficulties in the way of all the 
proposed simple solutions seem insurmountable. Geometrical ex- 
planations of the light-variation fail completely, and little better 
can be said of the hypotheses that involve partly meteorological 
and partly orbital assumptions. 

The writer can offer no complete explanation of Cepheid varia- 
bility as a substitute for the existing theories that are shown to be 
more and more inadequate. At most, only the direction in which 
the real interpretation seems to lie can be pointed out, and an 
indication given of the strength of the observational data that 
would support the theory developed along the lines suggested. 
The principal results of a rather extensive investigation, further 
details of which it is hoped can be published in subsequent papers 
in the near future, are outlined in the following paragraphs. The 
main conclusion is that the Cepheid and cluster variables are not 
binary systems, and that the explanation of their light-changes 
can much more likely be found in a consideration of internal or 
surface pulsations of isolated stellar bodies. 


THE ESSENTIAL IDENTITY OF CEPHEID AND CLUSTER VARIABLES 


The subdivision of the short-period variables into the cluster 
type and the Cepheid type is an artificial one. This proposition 
scarcely needs proof, although the assumption of the essential simi- 
larity of the two groups is important in the following discussion. 
Practically all writers on the subject are more or less inclined to 
accept this view.’ The definition of the cluster-type variable is, 


case of Y Ophiuchi by Albrecht (Lick Observatory Bulletins, 4, 134, 1907) and later by 
Zurhellen (Astronomische Nachrichten, 177, 329, 1908) and Miss Udick (Publications 
of the Allegheny Observatory, 2, 151, 1912); in the case of RT Aurigae by Duncan (Lick 
Observatory Bulletins, 5, 120, 1909). For many Cepheids the total range of velocity 
variation is so small that secondary oscillations and other irregularities of consider- 
able relative importance may easily be lost in the accidental errors (Curtiss, op. cit., 
P. 39): 

See, for instance, Nijland, Hemel en Dampkring, April 1913; Williams, Journal 
of the British Astronomical Association, 23, 134, 1912; Kiess, Publications of the Astro- 
nomical Society of the Pacific, 24, 191, 1912, and 25, 121, 1913; Townley, Publications 
of the Astronomical Society of the Pacific, 25, 239, 1913. 


106 


ON THE NATURE AND CAUSE OF CEPHEID VARIATION 3 


in fact, by some merely “‘short-period Cepheid.” Others, including 
Hartwig* and Kron,” have considered only those with rapidly de- 
creasing brightness and constant light at minimum as “antalgol” 
or cluster-type variables. Kron calls the shortest-period variable 
known a Cepheid,’ and Hertzsprung‘ designates as Cepheids only 
those variables whose periods are greater than a day. The writer 
proposes to adopt, merely as a convenience, the latter practice, 
arbitrarily calling the Cepheids of periods less than a day cluster- 
type variables; for there is at present no evidence of real difference 
between the two classes in the nature or probable causes of the 
light and velocity variations. Hertzsprung® calls attention to the 
maxima in the frequency-curve of the periods at twelve hours and 
at seven days, and notes also that the longer-period Cepheids are 


t Vierteljahrsschrift der Astronomischen Gessellschaft, 37, 284, 1902. 

2 Publikationen des Astrophysikalischen Observatoriums zu Potsdam, 22, Pt. III, 53, 
tgt2. See also Newcomb-Engelmann, Populdre Astronomie, 5th ed., p. 623, 
Leipzig, 1914. 

3 XX Cygni, period 3'14™. 

4 Astronomische Nachrichten, 192, 262, 1912. 


sIt is hardly necessary to remark that Cepheids and Geminids are physically 
identical. The latter term merely signifies that the rise and decline of brightness 
require approximately equal intervals of time. There are numerous types of varia- 
tion intermediate between the chosen typical curves of ¢ Geminorum and 6 Cephei. 
A significant feature that has not been pointed out explicitly heretofore is that the 
smaller the ratio of interval of increasing light to interval of decreasing light the 
greater the eccentricity. Orbits of Geminids therefore have smaller eccentricities. 
This really amounts to observing that the light-curves and velocity-curves of all 
classes of Cepheids are generally identical in form. See the study by Luizet, ‘Les 
Céphéides considérées comme étoiles doubles,” Annales de l Université de Lyon, Nou- 
velle Série, I, Fascicule 33, 67-148, 1912. 

Some Geminid curves, however, permit of hypothetical interpretations that can- 
not be applied to the more typical Cepheid. Russell has found (Popular Astron- 
omy, 22, 142, 1914) that, if the time of rise to maximum is greater than one-fourth 
the period, the light-variations may be interpreted as the rotation of a spotted body, 
but such an explanation is otherwise untenable. The writer has shown (Laws Obsero- 
atory Bulletin, 2, 71, 1913; Astronomische Nachrichten, 194, 353, 1913) that for certain 
symmetrical curves of the Geminid type the light-variations may be due entirely to the 
rotation of a single ellipsoidal star. This explanation is a possible and plausible one, 
but for SZ Tauri, one of the stars suitable for such an interpretation, Haynes has 
found a typical Cepheid velocity variation (Lick Observatory Bulletins, 8, 85, 1914). 

6 Astronomische Nachrichten, 179, 376, 1909; 192, 262, 1912; 196, 205, 1913. 
Chandler reached some of the same conclusions twenty-five years ago (Astronomical 
Journal, 9, 1, 1889). 
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in the galaxy, while the shorter-period Cepheids or cluster variables 
are apparently distributed more at random over the sky. Making 
the reasonable assumption that the data, though rather meager, 
are sufficient, nevertheless, to establish the reality of both phe- 
nomena, these conditions do not impeach the hypothesis that the 
light and velocity variations of the long- and short-period Cepheids 
are attributable to the same causes, and that the only modifications 
necessary in an explanation of one, to make it applicable to the 
other, are those depending on the length of the periods and other 
gradative characteristics, such as differences of spectral type and 
relative speed of light-change at corresponding phases. Among 
the several arguments that tend to prove the inherent similarity 
of the two groups of Cepheids, the following are the most important. 

a) For RR Lyrae, period 13.6 hours, which is commonly classi- 
fied as a cluster-type variable, the spectroscopic orbit by Kiess* 
resembles in all details the peculiar orbits characteristic of the 
longer-period Cepheids. The light-curve is typical of cluster vari- 
ables in all its properties.” 

b) From the photometric standpoint, Graff and Bottlinger 
have found no essential differences between light-curves of cluster 
and Cepheid types, and insist on the artificiality of the division 
into two classes. Very few, if any, of the cluster-type variables 
have rigorously constant light at minimum phase, as Plummer,‘ 
among others, hasshown. In fact, it was partly for this reason that 
Hartwig abandoned, in the Vierteljahrsschrift catalogue, the former 
term “‘antalgol” and the former distinction between cluster and 
Cepheid variables.5 

c) Russell’s harmonic analyses of the mean light-curves of 
typical cluster variables and typical Cepheids indicate the neces- 
sity of analogous interpretations of the two.‘ 

d) An unpublished investigation by the writer of the relation 
between the periods and spectral types of all variables shows the 


* Lick Observatory Bulletins, 7, 140, 1913. 

2 Kiess, Publications of the Astronomical Society of the Pacific, 24, 189, 1912. 

3 Astronomische Nachrichten, 196, 113, 1913. 4 Monthly Notices, 73, 657, 1913. 
5 Vierteljahrsschrift der Astronomischen Gessellschaft, 48, 287, 1913. 

° An abstract is printed in Popular Astronomy, 22, 142, 1914. 
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existence of a continuous property from the longest-period Cepheids 
to the shortest-period cluster variables. 

e) The shift of the maximum intensity in the spectra toward 
the violet with increasing light is a property common to both 
classes." 

IRREGULARITIES IN THE LIGHT-ELEMENTS 


Starting, then, with the apparently well-grounded assump- 
tion that the reasoning relative to the nature of the cluster-type 
variation applies equally well to Cepheid variation, the first argu- 
ment presented against the binary character of Cepheids deals 
with the irregular oscillations in the photometric period. In a 
paper presented to the American Astronomical Society at its last 
meeting, the writer reported on the oscillations in the periods of 
several cluster-type stars.?, The study of such irregularities must 
necessarily, for the present at least, be confined to photometric 
observations, for the faintness of the stars, and the consequent 
length of spectroscopic exposure would conceal irregular oscillations 
in the velocity measurements. The investigation, as is also 
obvious, must succeed first with the stars of shortest period, for 
with them the light-change is of sufficient rapidity to permit the 
determination of points on the steep ascending branch of the light- 
curve with high precision. 

Further observations of SW Andromedae, made since the last 
report, have confirmed the previous results, showing that the time 
of the rise to maximum light varies from the mean predicted time 
by ten or fifteen minutes within the short interval of two or three 
days, but evidently without exhibiting regular periodicity. The 
uncertainty of the determination does not exceed three or four 
minutes. The similar oscillations in the light-curve of RR Lyrae 

t For the Cepheids see the work of Albrecht (Lick Observatory Bulletins, 4, 131, 1907) 
and of other Lick observers. For the cluster-type variables see the work of Kiess, 
referred to above, and the indirect determinations of the maximum intensity shifts 
presented in a later section of the present paper. 

2 An abstract is printed in Popular Astronomy, 22, 144, 1914. 

3 The average length of exposure on RR Lyrae with a one-prism spectrograph 
attached to the 36-inch refractor of the Lick Observatory was more than two hours— 
nearly one-sixth of the entire period. RR Lyrae is the brightest cluster variable known 
(excepting 8 Cephei). 
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were apparently periodic throughout the interval of two or three 
years covered by the earlier series of Harvard observations,’ but 
the later work at Harvard? and at the Lick Observatory’ shows a 
different amplitude and perhaps no periodicity at all. The Lick 
and Harvard observations were made with visual photometers. 
In a recent letter Professor Hertzsprung writes that he also finds 
irregularities from night to night in photographic observations of 
the star. 

The oscillation in the time of brightening to maximum seems 
to be a pretty general characteristic, though possibly not universal. 
It is shown definitely for several other stars besides those men- 
tioned above,‘ and perhaps most noticeably in the case of XX Cygni, 
which is discussed in the next section. The most remarkable 
feature of the oscillation, which from night to night is conspicuously 
large in some cases, is that a change in the mean period of the light- 
variation has been recorded for only two stars, and these changes 
are relatively minute.’ If the observed oscillations were definitely 
periodic, it would perhaps be possible to attribute them in some 
kind of a binary system to orbital changes, such as the rotation of 
the line of apsides. But the sudden and unpredictable changes in 
the light-variation, very likely accompanied by analogous oscilla- 


t Harvard Annals, 69, Pt. I, 45, 1909. 

2 The manuscript of these observations was kindly sent to the writer by Pro- 
fessor Pickering; more recently the work has been published in Harvard Annals, 69, 
Peelinr24 rors: 

3 Lick Observatory Bulletins, 7, 141, 142, 1913. 

4 Popular Astronomy, 22, 144, 1914. 


s According to Kron the mean period of XX Cygni is decreasing by about a tenth 
of a second a year (0p. cit., p. 47). Roberts finds that the mean period of S Arae is 
decreasing by four-hundredths of a second a year (Astrophysical Journal, 33, 200, 
1911). The long-accepted secular change in the period of 6 Cephei, first established 
with some uncertainty by Chandler (Astronomical Journal, 13, tor, 1893) and later 
maintained by Nijland (Astronomische Nachrichten, 161, 229, 1903), has recently been 
completely rejected by Luizet in his monograph on the light-variations (Annales de 
VUniversité de Lyon, Nouvelle Série, Fascicule 33). Belopolsky, however, finds an 
oscillation in the spectroscopic period (Mitt. Pulk., 3, 63, 1909). W. J. S. Lockyer 
has found (Dissertation, Géttingen, 1896) that, while the mean period of 7 Aquilae 
is constant, there is an oscillation in the epoch of maximum through an amplitude 
of ten hours. Hellerich (Dissertation, Berlin, 1913) has studied the periods of ten 
Cepheids and finds no necessity of second-order terms. 
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tions in the velocity-curve, introduce another difficulty into the 
binary system theory. 


IRREGULAR CHANGES IN THE LIGHT-CURVES 


The second argument against the double-star explanation of 
Cepheid variation lies in the continually changing form of the 
light-curves from one maximum to the next. Again we will con- 
sider mainly the cluster-type stars. For the Cepheids the length 
of the period prohibits, in general, continuous observations through- 
out successive epochs, and in the long run the irregularities smooth 
out in a mean light-curve. Curtiss‘ has noticed, however, that the 
light-curve of W Sagittarii, period 7.6 days, changes shape with the 
time, and similar results are suggested for other Cepheids by vari- 
ous observers.? For the stars with periods less than a day, 
however, many long series of observations have been made, and al- 
though the work was rarely if ever undertaken for the purpose of 
seeking short-period changes in the form of the light-curve, never- 
theless irregularities have often been found. Many observers have 
noticed that the errors are larger in observing short-period variables 
than in any other class. Roberts’ and Innes‘ were suspicious of the 
large deviations in their measures of S Arae. Sperra’ concluded 
from an extensive treatment of his visual observations on SW 
Draconis and SU Draconis that the shapes and durations of both 
maxima and minima varied from night to night. This was, I 
believe, the first and only serious attempt that has been made to 
question the supposed clocklike precision of short-period variation. 
Plummer and Martin® are disinclined to accept Sperra’s results 
without further proof, for the photographic observations at Dun- 
sink (exposure times from thirty minutes to an hour) do not confirm 
such irregularities (though they do show remarkable irregularities, 


1 Lick Observatory Bulletins, 3, 168, 1905. 
2 For instance, the light-curve of 6 Cephei, as pointed out by Luizet (0. cit., pp. 
58-60). 
3 Astrophysical Journal, 33, 201, 19il. 
4 Annals of the Cape Observatory, 9, 120B, 1903. 
5 Astronomische Nachrichten, 184, 241-252, 1910. 
6 Monthly Notices, 73, 44°, 1913. 
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supposedly permanent, in the mean curves). The proof is now at 
hand, however, and with amazing clearness in the observations of 
XX Cygni, published at Potsdam.’ The three-hour period of this 
star is obviously a great advantage in the study of the changing 
form of the light-curve. If the variations of SW Andromedae and 
RR Lyrae referred to above could have been followed regularly 
throughout their entire periods, there is little doubt that the oscil- 
lations in the time of the rise to maximum would have been found 
to constitute only a part of the irregularities. 

In his discussion of nearly three thousand observations of XX 
Cygni, Kron finds a small secular change in the mean period, but 
does not consider real the deviations from the mean curves. The 
observations of ten observers are included. Both Schwab and 
Guthnick considered the irregularity of form a real phenomenon, 
and the former notes that, while the maximum and minimum mag- 
nitudes remain sensibly constant, the times between the ascent 
and descent past magnitude 11.2 vary from 35 minutes to an hour. 
A study of the observations shows the same phenomenon in the 
work of all the observers. The various forms of light-curve cannot 
be attributed to night errors. The differences between the curves 
at different epochs is distinctly larger than the errors of the obser- 
vations. This is particularly true for Kron’s photometric work. 
The average deviation of his measures from a normal curve, based 
on his own observations, is much larger than that of measures on 
the comparison stars, and probably more than twice as large as the 
average deviation of the observations from separate nightly curves. 
There appears, however, to be no definite periodicity in the chan- 
ging shape of the curve; as a rule sharp maxima follow each other 


* Publikationen des Astrophysikalischen Observatoriums zu Potsdam, 22, Pt. III, 1912. 
2 Astronomische Nachrichten, 170, 369, 1906. 


3 This and other points relative to the anomalies of the light-variation will be dis- 
cussed more fully in a later communication. Contrary to all other experience with 
Cepheid variables the photographic range measured by Parkhurst and Jordan (Astro- 
physical Journal, 23, 84, 1906) is less than the visual range. To examine this ques- 
tion more closely a series of simultaneous photographic and photovisual observations 
has recently been made with the 60-inch reflector. This will furnish a definitive color- 
curve, as well as serve as a control on the secular change in the period. (Parkhurst 
and Jordan also suspected oscillations in the period; of. cit., p. 86.) 
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for a few days, to be succeeded by an intermediate type and then 
by a series of relatively wide, flat-topped maxima. Sometimes the 
extreme change in form occurs on successive nights. In the varia- 
tions of the light-curve, as in the oscillations of the time of the rise 
to maximum light, the regularity and continuity of the phenomena 
that would be demanded by an orbital explanation is apparently 
lacking. 
CHANGES IN COLOR AND SPECTRAL TYPE 


A third argument against the binary interpretation of Ceph- 
eids is the difficulty such theories would have in explaining the 
periodic change of the spectral type, though it must be admitted 
that to a certain extent Duncan’s hypothesis,’ if otherwise accept- 
able, could account for spectral changes through the medium of 
atmospheric absorption. The evidences of the change of spectral 
type with changing light, though not well known nor generally 
recognized, are decisive and important. Schwarzschild,? Wirtz,3 
and more particularly Wilkens* have demonstrated for Cepheids 
of longer period that the range of light-variation is greater in the 
photographic than in the visual part of the spectrum. The photo- 
graphic work of Martin and Plummer’ suggests similar results for 
cluster-type variables, while the recent simultaneous photographic 
and photovisual observations by Mr. Seares and the writer at 


t Lick Observatory Bulletins, 5, 91, 1909; Publications of the Astronomical Society of 
the Pacific, 21, 123, 1909. 

2 Publikationen der v. Kuffnerschen Sternwarte, 5, C1oo, 1900. The photographic 
range of 7 Aquilae is found to be double the visual range. More recently Kohlschiitter 
has repeated the photographic work and finds that the color-curve has an amplitude of 
four-tenths of a magnitude (A stronomische Nachrichten, 183, 265, 1910). 


3 Astronomische Nachrichten, 154, 327, 1901. Wirtz measures the photographic 
ranges of 6 Cephei and ¢ Geminorum. 

4 Astronomische Nachrichten, 172, 316, 1906. An average value of 1.6 is found 
by Wilkens for the ratio of photographic to visual range for the Cepheid variables SU 
Cygni, X Cygni, T Vulpeculae, S Sagittae, and U Vulpeculae. The visual ranges, it 
should be remarked, are collected by him from various sources and can hardly be con- 
sidered homogeneous or reliable. The results, however, are qualitatively dependable, 
but more work along this line is desired. The Cepheids mentioned in the three last 
notes are of spectral types F to Ks, with an average very close to the solar type. 


s SU Draconis, Monthly Notices, 73, 166, 1912; SW Draconis, zb7d., 73, 440, 1913; 
XZ Cygni, ibid., 74, 225, 1914. 
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Mount Wilson establish the fact definitely... The shift of the maxi- 
mum intensity in the spectra of Cepheids, discovered by Albrecht,’ 
has been confirmed by Kiess* and other Lick observers. These 
two factors—the greater photographic range and the shift of the 
maximum intensity—would suggest as an underlying and common 
cause a change in the spectral type. Albrecht and Duncan‘ have 
observed that Wright’s spectrograms of 7 Aquilae suggest a later 
type of spectrum at minimum than at maximum. The Harvard 
classification of TT Aquilae’ at maximum is G, at minimum, K. 

For the cluster-type variables there is more direct evidence of 
distinct and continuous change. At the writer’s request Miss 
Cannon has examined some of the Harvard spectrograms of certain 
cluster variables. For RR Lyrae no definite change was recorded 
on the plates examined, and similarly for XZ Cygni, but the 
spectrum, when faint, was extremely uncertain. For SW Androm- 
edae the spectrum was of type A at maximum and clearly of a 
redder type at minimum. The most conclusive results, however, are 
obtained from the series of spectrograms taken by Mr. Pease® in July 
of this year with the 60-inch reflector of the Mount Wilson Observa- 
tory. The variable RS Bootis, period 9'1, shows a continuous 
change of spectral type from Fo at minimum to B8 at maxi- 
mum. One consequence of this result is that hereafter the classi- 
fication of all Cepheid and cluster-type spectra must be made with 
due specification of the corresponding phase of light-variation.’ 

t A report on this work was presented at the meeting of the American Astronomi- 
cal Society at Evanston, Illinois, August 25-28, 1914. 

2 Lick Observatory Bulletins, 4, 131, 1907. 3 [bid., 7, 140, 1913. 

4 Tbid., 5, 93, 1909. 5’ Harvard Annals, 55, 285, 1900. 


6A report on this work was presented at the meeting of the American Astro- 
nomical Society at Evanston, Illinois, August 25-28, 1914. 

7 Miss Clerke writes: ‘The spectrum [of 6 Cephei] is of the solar type, and does 
not change with the brightness” (Problems in Astrophysics, p. 320, London, 1903). 
This, however, should not discourage new attempts to classify the spectrum of the 
type-star and of other longer-period Cepheids at various phases of their light-changes. 
It is possible, of course, that the changes in color index and shifts of maximum inten- 
sity are not generally accompanied in the longer-period Cepheids by those changes 
in the absorption lines that are necessary to give a different spectral classification under 
the present system, in which the absorption lines receive much attention and the back- 
ground intensities but little. But in the early study of the spectrum of 5 Cephei, 
published by Belopolsky in Bulletin, No. 3 of the Imperial Academy of Sciences of 
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Another difficulty in the spectral changes, that must not be over- 
looked in attempting a complete explanation of the Cepheid 
phenomena, is a peculiarity observed by Albrecht" on his plates of 
Y Ophiuchi and T Vulpeculae. Various lines showed large irregu- 
lar shifts, which are not progressive with the phase of the star in 
its light-period. 


CONCERNING EXISTING HYPOTHESES 


The fourth principal argument against the binary interpreta- 
tion of Cepheids is the inadequacy of all the existing double-star 
hypotheses. To many this is not only the best argument but is 
sufficient initself.? A detailed criticism of these attempted explana- 
tions is unnecessary, for this has been generously provided by the 
proposers of the theory themselves, as well as by others, including 
Campbell,; Plummer,’ Brunt,’ Kiess,° and Ludendorff.?7 There is 


St. Petersburg, 1894, the variations in the relative intensities of several lines are sug- 
gested and certain deviations from the solar spectrum are explicitly pointed out on 
many spectrograms. The question is one to be answered definitely by future re- 
searches. (A very recent study of the changes in the spectra of 5 Cephei and 
¢ Geminorum has been made at St. Petersburg by Lohmann, but the paper is not yet 
available to the writer.) 

t Lick Observatory Bulletins, 4, 131-132, 1907. 

2 There has been a growing and but half-concealed discontent with the double- 
star explanations of Cepheids. Ludendorff writes (Astronomische Nachrichten, 193, 
304, 1912): “‘Freilich kann man sich aus verschiedenen Griinden des Eindrucks kaum 
erwehren, dass die in den Spektren der 5 Cephei-Sterne beobachteten periodischen 
Linienverschiebungen nicht durch Radialbewegungen der Sterne, sondern durch irgend- 
welche andere Ursachen hervorgerufen werden.”’ On the other hand, Paddock inter- 
prets Ludendorff’s data in a manner favorable to Duncan’s double-star hypothesis 
(Publications of the Astronomical Society of the Pacific, 25, 180, 1913). 

Plummer considers, in a recent paper on the nature of the Doppler principle when 
based on the Ritz theory of light, the possibility of getting around the difficulties 
presented by the velocity variations of certain variables (obviously Cepheids are meant) 
by abandoning the binary interpretation altogether, but he is led rather to abandon 
the Ritz theory (Monthly Notices, 74, 660, 1914). Until the velocity variation of RR 
Lyrae was discovered he was inclined to suggest that cluster-type variation might be 
‘a prominence effect on a large scale” (zbid., 73, 658, 1913). 

3 Stellar Motions, pp. 305 ff., New Haven, 1913; Lick Observatory Bulletins, 6, 
51, IgI0. 

4 See various papers cited above. 5 Observatory, 36, 59, 1913. 

6 Publications of the Astronomical Society of the Pacific, 24, 186, 1912; see also 
other papers cited above. 

7 Astronomische Nachrichten, 184, 384, 1910. 
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one point, however, that has not been considered, which is of prime 
importance in the discussion of Cepheid phenomena. Russell* 
and Hertzsprung? have independently shown that the Cepheids 
are stars of small peculiar motions and small parallaxes, and hence 
of great absolute brightness. The former finds a mean absolute 
magnitude of —2.4 and the latter of —2.3, that is, the average 
Cepheid (the spectrum is of solar type) is nearly 700 times as bright 
as the sun. It is reasonable to assume that the Cepheids and the 
sun have a comparable surface brightness. The average Cepheid, 
then, has a volume between fifteen and twenty thousand times as 
great as that of the sun. 

Interpreted as spectroscopic binaries these giant stars move in 
orbits whose apparent radii average less than one-tenth the radii 
of the stars themselves.s In order that the radii of the real orbits 
may greatly exceed those of the apparent orbits, the inclinations 
must be very small, a condition which cannot be supposed to exist 
generally for Cepheid orbits. The difficulty in applying the 
hypotheses of Eddie,* Loud,’ Duncan,® and Roberts’ is therefore 
immediately apparent. Moreover, if the mass of the average 
Cepheid is admitted to be as much as five times the solar mass, 
the density is still astonishingly low—hardly three ten-thousandths 
that of the sun. Considering the low average value of the mass 
function® derived from the orbits of the Cepheids, and taking a 
random distribution of the orbital inclinations, the non-luminous 
second body, to which Duncan’s theory assigns the extensive atmos- 
phere that must envelope the giant primary, has about one-tenth 
of the mass and therefore must move with an average apparent 


t Science, N.S., 37, 652, 1913- 

2 Zeitschrift fiir wissenschaftliche Photographie, 5, 107, 1907; Astronomische Nach- 
richten, 196, 201, 1913. 

3The average value of asiniz for 15 Cepheids is 1,116,000 km. The greatest 
value is 2,000,000 km, and the least is 45,000 km. 

4 Astrophysical Journal, 3, 227, 1806. 5 [bid., 26, 369, 1907. 

6 Lick Observatory Bulletins, 5, 91, 1909. 

7 Astrophysical Journal, 33, 197, 1911; Monthly Notices, 66, 329, 1906. 
Mz sins 7 
(mi-+m)? 


is 0.0058, and the least is 0.00001 for Polaris. 
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orbital velocity of about 200 km a second. Remembering the size 
of the primary star compared with its orbit, we know that the mass 
of the secondary must be still smaller and the velocity higher to 
separate the stars. 


A SUGGESTED EXPLANATION OF CEPHEID VARIATION 


In the face of all these difficulties, it seems appropriate to 
abandon completely the attempts to interpret Cepheids on the 
basis of a binary-star assumption. It has been shown by Russell 
that the light-variations cannot be explained satisfactorily by the 
uniform rotation of a single spotted star; the light-change must 
be intrinsic, and not just apparent. The explanation that appears 
to promise the simplest solution of most, if not all, of the Cepheid 
phenomena is founded on the rather vague conception of periodic 
pulsations in the masses of isolated stars. The vagueness of the 
hypothesis lies chiefly in our lack of knowledge of the internal 
structure of stellar bodies, and not in the difficulty of explaining 
the observed facts if once we assume the stars to be ideally gaseous 
figures of equilibrium. Moulton? has considered the matter of 
explaining certain types of stellar variation from this point of view, 
but his conclusions are scarcely applicable to Cepheid variables in 
the light of our present knowledge of their peculiar properties. 
According to him, the light-change should be due to the heat gen- 
erated by the oscillation of a spherical star from an oblate to a pro- 
late form, there being a maximum of light-emission every time the 
star passes through its mean spherical figure. The period of velo- 
city variation, then, should be double that of the light-change,* and 

Popular Astronomy, 22,142, 1914. See the footnote on a preceding page relative 
to this work. Russell’s investigation, then, opposes the explanation suggested by 
Hellerich (Dissertation, Berlin, 1913). 

2 Astrophysical Journal, 29, 257, 19099. 

3 The hypothesis also is not obviously applicable as a complete or even partial 
explanation of the variation of elliptical eclipsing binaries, considering the present 
state of the orbital theory. The presence of the secondary spectrum, the very large 
periodic shift of the spectrum lines, and many other factors are almost unimpeachable 
proofs of the binary character of eclipsing variables. Very little if any effect on the 
light-variation can be attributed in any of the systems studied to pulsations, or even 


to tidal disturbances. 
4 That is, if the shift of the spectrum lines is to be attributed to a radial motion 


of the source. 
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this, of course, does not conform with known conditions.’ It is to 
this phenomenon of pulsating stellar masses, however, that the 
writer would ascribe the light and velocity variation of Cepheid 
and cluster variables, and the theoretical work of Moulton,’ Jeans,’ 
Emden,‘ and others’ on the properties of gaseous spheres already 
justifies the conclusion that such oscillations are both possible and 
probable. They might arise, as Moulton suggests, from the 
collision with masses of only planetary dimensions, from the near 
approach of two stars, or in other ways.° 

Without any pretense of explaining clearly or fully on this 
hypothesis all the properties of Cepheid variation that have given 
the double-star theories such hopeless difficulty, a few points favor- 
ing the pulsation suggestion will be summarily stated. There will 
exist originally, as the result of the initial disturbance, a great num- 
ber of oscillations with different periods. The character of these 
various vibrations will depend on the nature of the stellar structure. 
For the ideal homogeneous fluid mass investigated by Kelvin,’ 
and for the polytropic gaseous sphere defined and studied by 
Emden; the period of vibration of each type is independent of the 
volume and mass and depends only on the mean density and the 
order of the harmonic term defining the oscillation? For any given 


tIt is well to keep in mind, however, the secondary maxima in the light-curves 
of 7 Aquilae and similar variables. Therein perhaps is a visible trace of the secondary 
heating of each oscillation period. 


2 Op. cit. 

3 Philosophical Transactions of the Royal Society of London, 199 A, 1, 1902; ibid., 
201 A, 157, 1903; 7bid., 213 A, 457, 1914. 

4 Gaskugeln, Leipzig, 1907. 

5 The numerous papers by Ritter, Wiedemanns Annalen, 5-20, 1878-1883, are of 


fundamental importance in this problem. His consideration of vibrational variable 
stars has been briefly discussed by Moulton (of. cit.). 


6 Perhaps then we should expect to find great numbers of these variables in con- 
densed regions, such as the globular clusters and the Magellanic clouds. 


7 Mathematical and Physical Papers, 3, 384, 1890. 8 OD. cit. pp. 13, 37, 448 fi. 
9 The vibration period in seconds is for the former 


( 2m+1 \2 (fy 

T= 27 | ———_ = 

2m(m—1) G 

and for the latter (< i 
T=27(| — 

mg 
where m is the order of the spherical harmonic defining a given oscillation, R is the 
radius, and g, the surface gravity, is proportional to radius times mean density. 
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mean density the most important oscillation is that corresponding 
to the second-order harmonic. Its period is the longest, its ampli- 
tude the greatest, and it may persist with inappreciable change in 
period almost indefinitely, while the oscillations of higher order are 
more rapidly destroyed by friction. 

If, then, we attribute the principal light-change in a Cepheid 
variable to this principal oscillation, and if we are willing to adopt 
Emden’s polytropic gaseous sphere as a stellar model, we can com- 
pute at once the density of each individual variable. Obtained in 
this way the densities are probably of the right order of magnitude, 
whatever function of the radius, within reasonable limits, the density 
is assumed to be; and for an incompressible homogeneous fluid they 
would be only 2.5 times as large. The densities in terms of the 
sun for all the Cepheids of known periods and spectrat have been 
derived in this manner, with the results given in Table I? 


t It is impossible to say, of course, whether the spectra listed were obtained near 
maximum or near minimum. Errors in the grouping, for the brighter Cepheids at 
least, will probably balance in the means. 


2 The data for this computation have been derived mainly from Harvard Annals, 
56, 191-195, 1912. In the table of “short-period variables” given in that publication 
are included many stars that are now known to be eclipsing binaries. It is very likely 
that further study will show that others are not Cepheids, but in the means in Table I 
are included all variables not known to be eclipsing stars. 

The densities in the table are computed for the mean periods of each class. If 
the means of the individual densities were taken one badly discordant period would 
greatly distort the result. 

A striking fact shown by Table I is the progressive relation between spectrum 
and period, and hence, between spectrum and density. “The redder the tint, 
the longer the period” was observed by Chandler in 1888, but referred mainly to 
long-period variables (Astronomical Journal, 8, 137, 1888). He called attention to the 
importance of this correlation to variable star hypotheses. Campbell noticed that 
“the length of periods seems to increase with the spectral types, but the relationship 
is not strongly marked” (Lick Observatory Bulletins, 6, 51, 1910). 

Russell’s theory of the order of stellar evolution is supported by the results of 
Table I when we remember that the Cepheids are giant stars. For it is obviously 
fair to conclude from the progression of the densities that, if the present Cepheid 
hypothesis approximates the truth, the order of evolution is in the direction from type 
M to type B. The Cepheids then are young stars. Perhaps the long-period redder 
variables of the Mira Ceti type, with spectra of types Ma,....Mdr, Md2,... Mdrto, 
N, etc., are still earlier in their evolution. Are they merely Cepheids of very long 
period? In many respects they appear to be—the light-curves are similar, the shape 
and time of successive maxima often oscillate around probably rigorously constant 
mean values, the spectra change progressively throughout the light-period, and finally 
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The extremely low densities for the Cepheids of the redder spec- 
tral types until recently might have thrown serious doubt on the 
hypothesis that demands such abnormally low values. But now 
for two reasons we are ready to accept as possible these supposedly 
impossible densities. In the first place, as Hertzsprung has pointed 


TABLE I 

Type No. Stars Mean Period Mean Density 
1 DAUR NOR AM ye, otk Cagney he, csc 2 33 ©.000006 
LG ree CRM cl ee Gob Ae ¢ 9 18 0.000020 
Gt es See eee ae er 31 II 0.000056 
Ed. cea havaianas ate ae eae aks 31 6 0.000200 
Fam De ea ers Le ee NOR Hee iota 9 0.4 0.04 
TB Re ACh nee eee eT ae I °.19 0.2 


* B Cephei is properly to be assigned to the Cepheid type. Notwithstanding the very short period (4h 5)> 
the preliminary orbit by Frost (Astrophysical Journal, 24, 259, 1906) is typical of the Cepheids. Guthnick’s 
discovery (A stronomische Nachrichten, 196, 357, 1913) of the light-variation and its nature (a typical cluster- 
variable curve of small amplitude) further supports this classification, and the harmony of the hypothetical 
density with that for the other groups of Cepheids is probably a third favorable argument. The presence of 
a second spectrum, however, is suspected on certain plates, according to the preliminary announcement (A stro- 
physical Journal, 24, 261, 1906). 


out' in his proof that the Cepheids of solar spectral type are giant 
stars, the average mean density must be of the order of 6X10°5, 
if the masses are comparable with that of the sun. They may be 
larger, but from our knowledge of stellar masses in general we are 
inclined to believe that they are not more than ten times that of 
the sun,? which is sufficient to prove the point. In the second 
place, the densities of several long-period eclipsing binaries of types 
G and K are now available for comparison. For instance: RX 
Cassiopeiae, type Ko, mean density 5X10~*+; W Crucis, type Gp, 
mean density 3X10°°; SX Cassiopeiae, type G3, mean density 
51074; RZ Ophiuchi,* type F8, density of one component 107%. 


they are apparently stars of great absolute luminosity. Long ago, however, Chandler 
, gave several good reasons for distinctly separating ‘‘long period” and ‘‘short period” 
variables (Astronomical Journal, 9, 1, 1889), and to a certain extent these distinctions 
are still to be maintained. 

t Astronomische Nachrichten, 196, 203, 1913 (footnote). 

? Russell, Nature, 93, 283, 1914; Popular Astronomy, 22, 294, 1914. Ludendorff, 
Astronomische Nachrichten, 189, 151, 191. 

3 Contributions from the Princeton University Observatory, No. 3, 1914. 

4The spectrum has been reclassified recently by Miss Cannon at the writer’s 
request. The components are of nearly equal brightness (visually), but it is very 
likely that the photographic spectrum classified is that of the smaller component 
which has high relative surface brightness, and density as given above. The density 
of the fainter component is 2X 10—5 (Astronomische Nachrichten, 194, 225, 1913). 
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For the A- and B-type spectra, the Cepheid densities above are, 
of course, entirely normal compared with eclipsing star densities.* 

As previously stated, the Cepheids without doubt are enor- 
mously large. Their small observed velocity variations, even if 
attributed altogether to motion in the line of sight and not at all 
to pressure-shifts, are not larger than might arise from a radial 
oscillation through but a small fraction of their mean diameters.” 
In the central mass of the star the period of the supposed pulsation 
should, of course, be perfectly regular, but its effect need by no 
means be regular on the radiating surface. 

We may suppose that, because of the internal vibration, the 
photosphere of the star is periodically scattered or broken through 
by the rush of hotter gases from the interior. Maximum light and 
maximum velocity of approach would obviously be approximately 
synchronous, and their coincidence would naturally be inde- 
pendent of the direction of the observer in space. Ludendorff’s 
correlation of range of light and range of velocity is highly signifi- 
cant in this connection. The essentially harmonic nature of the 
oscillation at the surface of the star would easily lend itself to 
interpretation as elliptic motion, though non-elliptic motion need 
not be unexpected, nor the anomalous behavior of certain spectral 
lines. In stars in which the initial disturbance is of recent origin, 
the presence of secondary oscillations could be expected, which 
would affect the light as well as the velocity.‘ 

It should be noted as an important factor in the explanation of 
Cepheid variation, that a change in the spectrum of a given radi- 
ating surface from one type to the next will change the visual 
brightness of that surface by approximately one stellar magnitude, 


t Astrophysical Journal, 38, 173, 1913. 
2 The radial motions observed in sun-spots are suggestive in this connection. 


3 Astronomische Nachrichten, 193, 301, 1913. He finds that 2K =47 34 with 
close approximation, where A is the amplitude of magnitude variation and 2K is the 
total range of velocity variation in kilometers. 


4By means of a detailed periodogram analysis of the light-curve of the famous 
irregular variable SS Cygni, Gibb has recently found a prominent underlying perio- 
dicity of 40.86 days (Monthly Notices, 74, 678, 1914). The spectrum of SS Cygni is 
extremely peculiar in that it varies through a number of different types, occasionally 
showing bright lines and at other times an apparently continuous spectrum (Harvard 


Annals, 56, 211, 1912). 
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and the color range by four-tenths of a magnitude. These quanti- 
ties correspond very closely to what is observed in cluster variables, 
and suggest that, if desired, it is unnecessary to go farther for the 
explanation of the light-variation than to suppose that a surface of 
approximately constant area progressively changes its spectral type 
as the result of a periodic flow and ebb of heat.* That the light- 
change should be of a more explosive character for the cluster 
variables than for the longer-period Cepheids would be expected 
because of their higher mean densities. 

Various other details suggesting the possibility of the above 
interpretation could be cited, but this sketch of the pulsation argu- 
ment will suffice for the present, since the purpose of the paper is 
not so much to advance an alternative theory as to question the 
validity of the spectroscopic binary hypothesis. 


Mount WILson SOLAR OBSERVATORY 
August 13, 1914 


*Cf. the hypothesis proposed by Schwarzschild as an alternative explanation 


of the change by six-tenths of a magnitude in the color index of 7 Aquilae (Pub- 
likationen der v. Kuffnerschen Sternwarte, 5, C125, 1900). 
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ANOMALOUS DISPERSION IN THE SUN IN THE LIGHT 
OF OBSERVATIONS 


By CHARLES E. ST. JOHN 


In a series of recent articlest Professor Julius has considered the 
displacements of the Fraunhofer lines at the center and limb edges 
of eccentrically located sun-spots from the point of view of his 
theory of anomalous dispersion. For the subject-matter he has 
used the data published in my paper on ‘Radial Motion in Sun- 
Spots.’ In these articles he sets forth a new deduction from the 
theory of anomalous dispersion—the ‘‘mutual influence” of the 
Fraunhofer lines upon each other: in particular, that a weak line 
on the violet side of, and near to, a stronger line is displaced less, 
but if on the red side more, than the average amount. This deduc- 
tion offers a means of making a quantitative test of the réle played 
by anomalous dispersion in the solar atmosphere. These displace- 
ments are well suited for a definitive test of the theory, for they are 
purely differential, and numerous other lines upon the same plates 
are available for standards of reference. 

Professor Julius selected 82 lines from my published list of dis- 
placements at the outer edge of the penumbrae of spots, and he finds 
that those to the violet of stronger lines are displaced less, and those 
to the red more, than the average. There are, however, many other 
lines in my list that fulfil the conditions of selection proposed by 
Professor Julius. These give results opposite to those obtained 
from the lines selected by him. Moreover, his treatment of the data 
in obtaining the normal displacements appears to have involved an 
error, the effect of which is to introduce residuals of the sign required 
by his theory. These points will now be given consideration in 
detail. In sucha discussion three things demand attention in order 
that no systematic errors may be introduced and that proper weight 

1 Versl. kon. akad. v. wetensch. Amsterdam, 22, 1243, 1914; Observatory, 37, 252, 
1914; Astrophysical Journal, 40, 1, 1914. 

2 Mt. Wilson Contr., No. 69; Astrophysical Journal, 37, 327, 1913. 
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may be given to crucial cases whose bearing upon the question is of 
special importance: (1) the determination of the standard displace- 
ments; (2) the inclusion of all lines falling within the adopted con- 
ditions of selection; (3) consideration of the effects in the immediate 
neighborhood of strong lines showing in the laboratory marked 
anomalous dispersion phenomena. 


STANDARD DISPLACEMENTS 


The 506 lines of Table I in my first paper’ do not form a homo- 
geneous series of observations. Attention was called to this point 
in my discussion of the data. From this it results that the normal 
displacements for different spectral regions cannot be determined 
with high precision by deducing them for each region by any 
smoothing-out process involving the results for all the segregated 
regions. The following regions were covered by the observations: 

a) From ) 3624 to \ 3724. Here a few plates were taken with 
the purpose of obtaining the line \ 3694 assigned by Jewell to 
ytterbium, as it began to appear probable that the heavy elements 
would be of particular interest. 

b) From \ 3879 to 4410. This is a homogeneous region, as 
overlapping plates were obtained by which the observations were 
interconnected and hence are comparable. 

c) From \ 4634 to \ 4829. The earlier observations were upon 
this region, as it was desired first to repeat Evershed’s observations. 
The mean result for all lines in this region is high in comparison 
with regions on either side; and, of the six regions, it is the one in 
which the necessity of separate consideration is the greatest, when 
the behavior of individual lines is to be studied. 

d) From ) 5123 to 5349. This region includes the great mag- 
nesium lines of the 6 group. 

e) From 5598 to A 6065, in order to obtain the D lines of 
sodium. 

f) From d 6393 to d 6643, to include the He line of hydrogen. 

To obtain the normal displacements, Professor Julius used the 
mean displacements for the iron lines grouped into three regions, 


* Mt. Wilson Contr., No. 69, p. 6; Astrophysical Journal, 37, 333, 1913. 
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namely: the two violet series, mean \ 4017; the blue-green series, 
mean A 4992; and the yellow-red series, mean \ 6121, reproduced 
in Table I. 

* TABLE I 


DISPLACEMENTS OF [RON LINES 


Resion Intensity 
I 2 3 4 5 6 7 8 
INAOLGS coe es os 0.022 | 0.020 | 0.014 | 0.014 | 0.013 | 0.0II | 0.008 | 0.006 
NAQO2 ee ©.030 | 0.026 | 0.026 | 0.025 | 0.018 | 0.016 | 0.006 | 0.007 
ING Reiter ne ec ©.032 | 0.030 | 0.032 | 0.024 | 0.028 | 0.024 | 0.019 | 0.016 


Using these data, he says: 


. . . . On the basis of the two rules found by St. John that connect the 
displacements with line intensity and with wave-length, it was possible to in- 
dicate a ‘‘normal”’ displacement peculiar to the spectral region and the inten- 
sity of each measured line. With these normal values the observed values had 
to be compared. 


The method of derivation of the normal displacements is not 
explicitly stated, but supposedly they were obtained either graph- 
ically or analytically from the data given. Im either case the 
derived values would depend upon, and be influenced by, the dis- 
placements in the separate regions and would not refer with high 
precision to any one of the homogeneous regions. The mean dis- 
placements for the iron and nickel lines of intensity 2-3 for each of 
the six spectral regions are plotted in Fig. 1, and the curve drawn 
with consideration of the weights of the points. Owing to the very 
large displacements given by the blue region, \ 4634-A 4829, the 
normals for the adjoining regions, deduced from the data for all 
regions, are too large, and for the blue region itself too small. The 
use of normal displacements interpolated from such a graph might 
be justifiable, if the lines whose displacements are to be compared 
with these normals were well distributed over the regions con- 
cerned in their derivation. It is evident that if the lines whose 
displacements are to be compared with such normals are not evenly 
distributed, but are confined to one or two regions, systematic 


t Astrophysical Journal, 40, 13, 1914. 
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residuals will result. Moreover, the normal displacements used by 
Professor Julius are derived from the displacements of the iron lines 
only. This neglects any differences depending upon individual ele- 
ments, differences that aré real and systematic. 

To obtain residuals capable of representing any systematic 
behavior of lines within the refractive influence of stronger lines, 
the standard displacements should be derived from the limited 
homogeneous series of observations in which they are to be used, 
and, as far as the data permit, they should refer to the particular 
elements under consideration. Standard displacements of this 
character have been obtained by determining the mean displace- 
ments for the lines of each element of a given intensity for each of 
the six homogeneous series. In the rare cases where fewer than 
three lines are available, the mean displacement for all lines of the 
same intensity in the respective series has been used. 

In the first section of Tables IT and III are reproduced the data 
given by Professor Julius for lines on the violet and red sides of 
stronger lines, respectively. In the eighth column are shown the 
mean displacements for the lines of the elements of the intensity and 
region under consideration, and in the ninth the residuals obtained 
by using these means as standard displacements. In the last 
column are remarks relative to the character and properties of the 
influencing lines that bear upon their power to produce the assumed 
effects. 

ADDITIONAL LINES 

Attention has been called to the necessary condition that all 
lines within the definition of the category be included. Professor 
Julius says: 

.... selected all cases in which a measured line A of intensity 3 
or lower was on the violet side of a stronger line B (generally of intensity 
4 or higher) at a distance of about o.5 A or less. A few cases in which the 


line A had another strong companion B’ equally near but on the other side 
were of course discarded. Forty-three pairs answering the conditions were 


After a definition has been adopted, it is always hazardous to 
disregard it. The lanthanum line, \ 3995, of intensity 1, is between 


t Astrophysical Journal, 40, 13, 1914. 
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two lines of intensities 3 and 5, each within the limiting distance of 
o.5 A. It is a delicate question to decide whether the line of 
intensity 3, which is nearer, or the line of intensity 5 is the more 
influential. The measured displacement of this lanthanum line is 
small,o.o14 A. Itison the violet side of the weaker line and shows 
a large negative residual. The decision was in favor of the weaker. 
The lanthanum line \ 4123 shows a large displacement, 0.023 A. It 
is 0.523 A to the violet of a much stronger line. It is omitted, 
though favorable cases exceeding the limit by much larger amounts 
are included. Of the rq lines included by Professor Julius in which 
either the distance exceeds 0.5 A, or some one or more of the other 
limitations are exceeded, two only are unfavorable to the thesis 
under consideration. 

It is a question whether the mutual influence of a blend is the 
same as that of a single line whose intensity is the sum of the inten- 
sities of the constituents; for example, it is at least doubtful 
whether a line of intensity 5 should be considered susceptible to the 
influence of a blend consisting of 2 lines each of intensity 3 to the 
same degree as of a single line of intensity 6, as Professor Julius has 
apparently done. However this may be, it seems clearly inadmis- 
sible to include the influenced line itself in the blend and particularly 
inadmissible when the influenced line forms the major part of the 
blend, for then we have the remarkable case of a line displaced by 
its own influence, as A 3899. 171. 

An examination of Rowland’s Table Sheets 49 lines not included 
by Professor Julius, 24 on the violet and 25 on the red side of 
stronger lines. Of these additional lines those on the violet are all 
within the limiting distance of o.5 A; of those on the red, two ex- 
ceed it. These two lines are now included, mainly because of their 
important bearing on the theory of anomalous dispersion: they are 
a line of intensity 4 at o.7 A to the red of a line of intensity 20, and 
a line of intensity 10 at 0.79 A from a line of solar intensity 700. 
In both cases the anomalous dispersion of the controlling lines is 
strong and the lines are within the limits used by Professor Julius, 
as he included the Ni line \ 4703 of intensity 3 at 0.817 A from a 
line of intensity 10. For the additional lines the normal dis- 
placements given by Professor Julius are used for their respective 
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intensities and spectral regions. In a few cases in which a direct 
transfer could not be made, the normals are interpolated from 
those used by Professor Julius. 

The negative residual of —o.0051 A found by Professor Julius 
for the 43 lines to the violet is reduced to —o.0018 A when the dis- 
placement for each line is compared with the mean for the element, 
intensity, and region; but if all lines to the violet are taken into 
account, the corresponding mean residuals are —o.0024 A and 
—o.0003 A. When all lines to the red of stronger lines are con- 
sidered, the mean residual is practically zero whichever standard is 
used. The results are assembled in Table IV. 


TABLE IV 
RESIDUALS GIVEN BY WEAK SOLAR LINES NEAR STRONGER LINES 


Lines To VIOLET Lines To RED 
According to According to 
Julius St. John Julius St. John 
AZ originale ere —o0.0051 |—o.0018 | 39 original........ +0o.0014 |+0.0004 A 
24 additional...... + 0023 |-= .0025,| 25 additional= -.).. — .0034 |— .0017 
Weighted mean|—o.0024 |—0.0003 Weighted mean|—o0.0005 |—0.0004 


A comprehensive impression may be obtained by combining the 
residuals derived in this paper as in Table V. 


TABLE V 
Lines to Violet | Lines to Red Total 
Sum of favorable residuals.............. —0.125 +0.087 On2r2N 
Sum of unfavorable residuals............ +o. 105 —0,113 .218 
Unfavorable excess'from 23 lines...) 32 .actwintcnen ee neeee ee .006 
Meanexcess perilines)ir7..9ie ieee tno eee | eae ©.00005 


This confirms the conclusion expressed in my second paper on 
“Radial Motion in Sun-Spots” that until we are able to depend 
upon solar wave-lengths to the fourth decimal place, at least, the 
contribution of anomalous dispersion to the relative positions of 
Fraunhofer lines, if any, will be masked by phenomena due to other 
causes. 
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SYSTEMATIC ERRORS 


The results obtained by Professor Julius will now be discussed 
in the light of the systematic errors that appear to have been intro- 
duced by the method used by him in obtaining the normal dis- 
placements. 

By referring to the graph in Fig. 1, or to a somewhat similar 
graph in the paper by Professor Julius, it will be seen that normal 
displacements derived by combining the observations of the six 
series are too high for the violet and green regions because of the 
very large displacements given by the blue region, \ 4634-A 4829. 

In Table VI are given the residuals obtained by comparing the 
normal displacements used by Professor Julius with the mean 
displacements of all lines of the corresponding intensities in the 
respective regions. 


TABLE VI 


COMPARISON OF THE JULIUS NORMALS WITH THE MEANS FoR ALL 
Lines oF LIke INTENSITY 


Region Intensity Means Normals Residuals Lo EES 
I 0.0205 0.0220 —o.oo15 A 
: 2 .O182 .0218 —7 50020 be. 
Wi OlE tare eee 3 oe cite Bes 0.0022 A 
4 .O140 .0167 = ery 
I .0376 .026 ST OUnO 
2 .0322 -024 + .0082 
1B ere 3 0334 "023 4 loro4 + .0093 
4 .0281 .O21 a seeysit 
ih 2 .0275 .0285 — .oo1o || _ 
GICCU eset Z 0.0225 0.0263 Boicoss f= 0024 


Of the 43 lines on the violet side of strong lines, 35 are in the 
violet region and 8 in the green, so that for these lines the residuals 
must of necessity be systematically negative, and this accounts in 
great part for the mean negative residual of —o.0051 A. Of the 
24 additional lines, 19 are in the violet and green regions, so that of 
the 67 lines on the violet side of stronger lines 62 are in the regions 
where the normals derived from a consideration of the displacements 

t Astrophysical Journal, 40, 23, Fig. 6, 1914. 
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for all regions are too high; and the systematic errors introduced 
account for the final negative value —o.0024 A, when such normals 
are used, for it is evident from Table VI that any large group of 
lines selected at random from the violet and green regions must 
yield a mean negative residual of about —0.0023 A. 

On the other hand, of the 39 lines on the red side of stronger 
lines some occur in each spectral region and the systematic residuals 
are less in evidence because of the more even distribution of the 
lines. It is illuminating, however, to consider them somewhat in 
detail. Of the 39 lines 7 are in the blue region, \ 4634-A 4829, 
where the derived normals are too small and hence the residuals are 
necessarily positive. In fact, for these 7 lines the sum of the 
residuals is +0.063 A, while for the other 32 lines the sum is 
—o.oo5 A. It is evident from Table VI that a few lines from 
the blue region will furnish positive residuals sufficient to over- 
balance the negative residuals that the other 32 lines yield. It is 
equally evident that no weight can be given to these seven positive 
residuals of mean magnitude +-0.009 A when the 22 other lines of 
the same elements and intensities in this region that are not on the 
red side of stronger lines give a mean residual of +0.009 A, pre- 
cisely the same as that given by the lines within the limiting dis- 
tance of stronger lines. In fact, it is impossible to select 7 lines 
from the 29 of the same elements and intensities that would not 
give a mean positive residual irrespective of their distance from 
stronger lines. When all the lines to the red are taken into the 
reckoning, they are fairly well distributed, and when so large a 
number is involved, the errors introduced by the normal displace- 
ments used by Professor Julius cease to be systematic and the 
positive residual disappears. 


MUTUAL INFLUENCE AND LABORATORY RESULTS 


The third point requiring attention is whether the mutual 
influence exerted by a strong line on a weak one in the solar atmos- 
phere varies with the amount of anomalous dispersion manifested 
by the strong line under terrestrial conditions. The exaggerated 
importance ascribed to the possible effects of anomalous dispersion 

I42 


ANOMALOUS DISPERSION IN THE SUN 21 


in the solar atmosphere apparently arose from the fact that anoma- 
lous dispersion was first studied in the laboratory with the D lines 
of sodium which show it to an enormous degree, and the suggestion 
that such a phenomenon must be of influence in the solar atmos- 
phere seemed to foreshadow great possibilities. Later investiga- 
tion has shown that the anomalous dispersion possessed by the 
two sodium lines is exceptional and that few lines show it to a 
marked degree. Geisler has investigated some 300 lines belong- 
ing to 25 elements and found the following results:" 


ANOMALOUS DISPERSION 


Very Strong Strong Medium Weak Very Weak ? 


No. of lines........ 9 17 34 80 123 36 


The effect in the case of the sodium lines is so large that 
they cannot be included in a scale adjusted to the other lines. In 
view of the rarity of strong anomalous dispersion, it seems probable 
that the effect, in the few cases where weak lines are under the 
influence of strong lines showing anomalous dispersion to a high 
degree, would stand out clearly in contrast to the instances where 
the anomalous dispersion of the influencing line is unknown or very 
weak. It was with such a comparison in view that care was taken 
to include among the additions the line of intensity 4 at 0.7 A to 
the red of the line \ 4226.9 of calcium, intensity 20, which shows 
very strong anomalous dispersion, and the iron line \ 3969 of inten- 
sity 10 which is 0.788 A to the red of the H line of calcium, inten- 
sity 700. This calcium line has strong anomalous dispersion, and 
its “‘dispersion band” is some 10 or 12 A broad. Professor Julius 
has given an explanation of the calcium flocculi, of the progressive 
changes in the wave-lengths of the H and K lines in passing from 
the center to the limb, and of the great wings of these lines, based 
upon their anomalous dispersion. It would seem that the neigh- 
borhood of such lines is precisely the place where the mutual 
influence would manifest itself, and any failure here bears heavily 


t Zeitschrift fiir wissenschaftliche Photographie, 7, 89, 19°09. 
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against the theory. There are 5 Fe lines of intensity 10 measured 
in the violet region, namely: 


oN Radial Displacement 
3006. 4 EO VE hoagars 
3900!) <i. 2 OR Ooa emer 0.79 A to red of 
AIR? Sin 2, See OS calcium H, in- 
4260 =. ; : ORCOS tensity 700 
4404. : ‘ : 0.003 
0.003 A 


The remarkable thing is not the divergence in the displacements, 
but the extraordinary agreement. The iron line \ 4227 of inten- 
sity 4iso.7 A to the red of the calcium line 4226.9 of intensity 20. 
The calcium line shows very strong anomalous dispersion, but the 
residual for the iron line is —o.007 A or —o0.004 A, according to 
whether the normals of Professor Julius or the means for Fe lines 
of intensity 4 in this region are used as standards of reference. 

The comparative behavior of weak lines under the influence of 
strong lines showing great anomalous dispersion, and of those under 
the influence of strong lines showing weak and very weak anomalous 
dispersion, would seem to be of great importance and to deserve 
particular attention in the effort to establish a theory of mutual 
influence depending upon anomalous dispersion. 

The data for such lines appear in Table VII, where the means 
show no systematic variation in the residuals depending upon the 
extreme differences in the anomalous dispersion exhibited by the 
influencing lines under laboratory conditions; and as there is no 
systematic difference between these residuals and those involving 
all the lines, it appears that the influencing lines showing either 
great or small anomalous dispersion produce neither more nor less 
effect than those manifesting it in a moderate degree. 


ADDITIONAL MEASUREMENTS 


So far the criterion of mutual influence has been applied only 
to the data given by the 506 lines of my original table. Since the 
announcement of the deduction of mutual influence new measures 
have been made upon the plates. In making the original series of 
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measurements, lines in the near neighborhood of very strong lines 
were in general omitted from the observing program, but in the 
case of elements represented by few lines, these were measured 
wherever found. In this new series the measures have been 
extended to all lines in the near neighborhood of strong lines show- 
ing great anomalous dispersion. The measurements have been 


TABLE VII 


ANOMALOUS DISPERSION OF INFLUENCING LINES 


VERY STRONG AND WEAK, VERY WEAK, 
STRONG AND ? 
r rN 
Julius St. John Julius St. John 
4035...|—0.006 | 0.000 | 3895../—0.007 |—0.009 
4274...|— .007 |— .001 | 3000..|— .o10 |— .006 ; j 
4289...|—0.004 |—0.001 | 4271..]— .005 |— .002 | To the violet of stronger lines 
4289..|— .OOr |-- .005 
4302..;— .004 000 
4756..|+ .002 |— .006 
§208..|— .008 |— .003 
5598. .]|—0.011 |—0.006 
Mean|—0.0057/—0.0007]....... —0.0055|—0.0034 
3969...|+o.001r |+0.001 | 4236..] 0.000 | 0.000 
LA eet act Oh aad a os ee S ee To the red of stronger lines 
A7O2Z2 E2018) || O03 
5298../— .006 |— .006 
5857. -.|+0.003 |—0.003 
Mean|—0.0030/—0.0015]....... —0.0010}/—0.0018 


made only upon a few plates of the best quality and include many 
lines extremely difficult to measure with precision, so that large 
accidental variations may be expected and the statistical method 
must be relied upon to determine probable results. 

A few observations have also been made upon a large symmetri- 
cal spot that appeared on the eastern limb of the sun August 13, 
1914. Measures of these plates are combined with those from the 
first series and are given in Tables VIII and IX. The displacements 
of 144 lines have been measured, of which 16 are within 1 A of the 
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very strong lines showing great anomalous dispersion. For stand- 
ards of reference the mean displacements for all lines of a given 
intensity were used. For each line within 1 A of the strong lines, 
there are, on an average, 8 lines of the same intensity beyond this 
limit, upon which the standard displacement depends. If mutual 
influence produces a measurable effect, this effect should be increas- 
ingly manifest as the influencing lines are approached and should 
reach its maximum value in their near neighborhood. Within 1A 
of these strong lines there are 8 lines to the violet showing a mean 
residual of -+-0.0006 A based upon 51 measures; there are 8 lines 
to the red showing a mean residual of +-0.0003 A based upon 62 
measures. The result then is practically zero, and it seems improb- 
able that an effect of the order assumed by Professor Julius could 
fail to give an indication of its presence. The results given in 
Tables VIII and [IX show no systematic variation as one approaches 
the influencing lines, nor any systematic difference between the 
displacement of lines on the violet and red sides of the strong lines. 
Observations will be made during the approaching spot maximum 
upon a larger number of spots, with particular attention to lines 
under the possible influence of stronger lines, and the mass of data 
greatly increased; but as far as the present observations are con- 
cerned, they fail to show a dependence of mutual influence upon the 
intensity of the controlling lines, upon their power to produce 
anomalous dispersion effects, or upon the nearness of the influenced 
lines. 


ANOMALOUS DISPERSION IN THE LABORATORY AND IN THE SUN 


The following extract from one of the earlier papers of Pro- 
fessor Julius gives the idea that he himself was at that time under 
the impression that a straightforward comparison could be made 
between laboratory results for anomalous dispersion and solar 
phenomena: 


A careful examination of the anomalous dispersion of a great number of 
substances will, of course, have to be made before it can be made out in how 
far our view will account for the facts already known or yet to be revealed 
in the chromosphere spectrum. Amongst other things, it must then appear 
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whether those elements whose lines are most conspicuous in the chromosphere 
light do actually cause uncommonly great anomalous dispersion—a wide field 
for experimental research, the exploration of which has only just commenced. 


A comparison between Geisler’s results and the latest flash 
spectrum data of Mitchell shows, however, that lines showing very 
small anomalous dispersion in the laboratory are often conspicuous 
in the chromospheric spectrum, while lines exhibiting it to a high 
degree in the laboratory may fail in conspicuousness. The lines of 
the violet magnesium triplet at 3833, intensities 10, 15, and 25, 
are assigned heights of 6000-7000 km, while neighboring lines of 
mean intensity 5 show a mean height of 600km. Though the 
magnesium lines show weak anomalous dispersion and are only 
four times as strong, they show heights nearly tenfold as great as 
the comparison lines. The Fe line 3860, intensity 20, anomalous 
dispersion weak, has a height of 6000km. Comparison lines of 
mean intensity 6 show a mean height of 800km. The D lines of 
sodium show the phenomenon in the laboratory to an enormous 
degree. Mitchell finds their height to be 1000 km, while neighbor- 
ing lines of mean intensity 5 upon the same plate are given a mean 
height of 360 km; so that the D lines, though 5 times as strong, 
produce arcs only about 3 times as long as the comparison lines. 
Of the calcium lines, \ 4226.9 shows anomalous dispersion to the 
highest degree; it is given a height of 5000 km against 14,000 km 
for the H and K lines, which show less anomalous dispersion. The 
two factors that appear to be more consistently effective than 
anomalous dispersion in producing conspicuous chromospheric 
reversals of the Fraunhofer lines seem to be great normal intensity 
and enhancement under reduced pressure. 

When Mr. Adams made a direct and apparently rational com- 
parison between laboratory results and displacements at the limb 
and could find no relation between them, it was answered that such 
a simple comparison could not serve the purpose, because a peculiar 
feature of the explanation from the point of view of anomalous dis- 
persion is that both very strong and very weak anomalous disper- 
sion make the displacements small, whereas intermediate values 
give larger displacements. It is of interest to apply this new 


1 Astrophysical Journal, 12, 194-195, 1900. 
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criterion to the displacements found by Mr. Adams. The results 
based upon the same lines that Mr. Adams used are as follows. 
The figures in parentheses show the number of lines involved in 
the comparison: 


ANOMALOUS DISPERSION 


Strong Moderate Weak Very Weak 


Displacements. ...|+-0.006 A (21) | 0.002A(2) | 0.0044 A (13) | 0.0061 A (30) 


The contradiction between theory and observation appears 
quite evident. 

As the displacements at the edge of the penumbrae of eccen- 
trically located sun-spots were considered by Professor Julius to 
be due to anomalous dispersion, it seemed of interest to apply the 
foregoing criterion to these displacements. The results were un- 
favorable to the dispersion theory as I apprehended it. It is now 
shown by Professor Julius that the criterion did not fit this case, 
but that the test of mutual influence is to apply. In my list of 
506 lines there are 131 lines in the near neighborhood of stronger 
lines, that is, under the influence of these lines, but they show no 
systematic differences from lines not so situated. 

It is worthy of note that Professor Julius takes no account of 
laboratory results when considering center and limb displacements; 
but to prove that very strong and very weak anomalous dispersion 
make the displacements small and that intermediate values give 
larger displacements, he classifies the lines simply according to line- 
intensity, irrespective of their known anomalous dispersion. This 
appears to assume that anomalous dispersion is proportional to line 
intensity. Likewise, there is no attempt to correlate the effects of 
mutual influence with what is known of the power of the influencing 
lines to produce anomalous dispersion phenomena. It seems again 
to be assumed that all lines of the same intensity are equally effect- 
ive. The behavior of the great winged lines of magnesium and of 
many of the strongest lines of iron whose cores are bounded by 
broad shadings seems to contradict the assumption. These wings 
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or shadings are explained as “dispersion bands” and it seems prob- 
able that their breadth and intensity would bear a direct relation 
to the power of the lines to produce anomalous dispersion effects; 
but the lines referred to’show weak or very weak anomalous dis- 
persion. The D lines of sodium showing anomalous dispersion out 
of all proportion to other lines are not bordered by shadings that 
are proportionately conspicuous or that are comparable with those 
bordering the H and K lines of calcium. The extent and intensity 
of the wings appear to depend upon the strength of a line and upon 
the form of its emission-curve rather than upon the amount of its 
anomalous dispersion. The disappearance of the wings at the limb, 
a very striking phenomenon, has as yet received no explanation 
from the point of view of anomalous dispersion. 

In Professor Julius’ last paper? he seems to have freed the 
anomalous dispersion theory from the ordinary canons for corre- 
lating laboratory and solar observations on the ground that the 
relations of anomalous dispersion are peculiar to itself, so that it 
becomes increasingly difficult to correlate the two classes of phe- 
nomena. Taken in connection with the great flexibility of the 
theory this renders it difficult of proof or disproof by observations. 


THE RELATIVE LEVEL OF THE ELEMENTS 


Professor Julius says: “St. John attempts to corroborate his 
intensity-and-level hypothesis by considering the atomic weight of 
the elements in connection with the displacements of their lines in 
the spot spectrum. We may doubt whether the data suffice for the 
purpose.” 

He refers to a statement of mine, where I say: “But on the 
chart it will be noticed that the lines of the heavy elements, such 
as barium, lanthanum, neodymium, cadmium, cerium, lead, and 
ytterbium, originate at lower levels than the lines of like intensity 
of iron.” I regret that I made the mistake of writing neodymium 
instead of niobium, and I am glad to have the error called to my 
attention. On the chart the lines of neodymium are not below 
those of iron of the same intensity. 


t Astrophysical Journal, 40, 19-20, 1914. 
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Professor Julius says further: ‘‘But if we refer to Table I of 
the first paper we find that the evidence is not very strong.” As 
Professor Julius has raised the question, it may be well to present 
the facts relating to the heavy elements in some detail. 

In comparing the displacements of the lines of the heavy ele- 
ments with those of iron, Professor Julius falls again into the error 
of using displacements of the iron lines deduced from the six sepa- 
rated regions, though 19 of the 21 lines of the heavy metals are in 
the violet, for which region the generalized iron scale is slightly 
high. The correct procedure is, of course, to compare these dis- 
placements with those for iron in the same spectral region and 
measured upon the same or interconnected plates, as in Table X. 


TABLE X 


DISPLACEMENTS OF THE HeAvy ELEMENTS COMPARED WITH [RON 


Element | Intensity A Observed Mean for Fe Residuals Rejiuals by 
Baweecs 2 4130 0.027 0.020 +0.007 ic 
5 5853 029 .026 + .003 If RRC: 
Cera I 4IIl .028 .022 + .006 
4129 .022 .O14 + .008 + .002 
Hever I 4137 .O14 .022 — .008 
Cdn. 3 4678 .038 .033 + .005 + .005 
bas teee 2 3628 .O19 .o18 + .0or 
I 3604 .027 .022 + .005 
I 3095 .O14 .022 — .008 
I 4086 .026 .022 + .004 
2 4123 .023 .020 -- .003 + .002 
2 4190 .024 .020 + .004 
4 4204 .020 .O14 + .006 
2 4287 .O19 .020 = (colli 
I 4333 .026 .022 + .004 
Nd?.... 2 3004 .020 .O17 + .003 
I 4109 .O16 .022 == OOO . 000 
I 4116 .025 .022 + .003 
IN Dees I 4232 .030 .020 = 010 -- .OI0 
Poise. I 4387 .026 .020 + .006 + .006 
Vit cere 2 3694 ©.020 0.014 +0.006 +0 .006 


Of the 21 lines 3 show large negative residuals: \ 3995, a nebu- 
lous and difficult line of intensity 1 belonging to lanthanum; } 41 a7; 
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a line attributed to cerium, where the negative evidence seems to 
Professor Julius to deserve being italicized; and a line of neodym- 
ium. In regard to the cerium line, a reference to Rowland’s Table 
would have shown that it may as well be called an iron as a cerium 
line. It was placed upon the observing list through an inadvert- 
ence and has not been treated as a cerium line in any discussion. 
I regret that the full Rowland identification was omitted from the 
table and that the cerium line \ 4111 appears by a typographical 
error under the cobalt symbol. The La line \ 3995 is between lines 
of intensities 3 and 5. Professor Julius has evidently judged that 
its large negative residual is due to its being on the violet side of 
the line of intensity 3, but the line \ 4137 is less than a fourth of an 
angstrom to the red of a stronger line and therefore according to 
the anomalous dispersion theory should give a positive residual. 
The residual is large and negative. As to the neodymium lines, 
it is well known that their identification is only suggested and rests 
upon no accepted evidence. 

The emphasis that Professor Julius places upon these negative 
residuals leads one to remark that there are two distinct plans for an 
investigation such as I undertook. One can select a few lines well 
adapted to measurement and, by concentrating upon them, results 
of very high accuracy may be obtained; but in that case every- 
thing depends upon the selection of the lines. On the other hand, 
the investigation may be extended, as in this instance, to a wide 
range of elements and lines. For elements represented by many 
lines a selection was possible, but for the heavy elements all lines 
were measured. In such an extended investigation dependence 
must be placed upon means obtained by statistical treatment, and 
these in the case of the heavy elements show such a preponderance 
of positive residuals that the general result appears to be estab- 
lished by the observations. Professor Julius raises the question of 
zircon. The measurement of the weak zircon lines in the solar 
spectrum is particularly difficult. The facts are given in Table XI. 

The situation is not quite so bad as Professor Julius putsit. He 
implies that six of seven lines give decidedly negative residuals when 
compared with iron. But the evidence given by the mean of the 
first five in the list is quite indecisive. Two of the remaining three 
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are close to the red side of stronger lines and should, according to 
the dispersion theory, give positive residuals; these residuals are, 
however, —0.004 A and —o.005 A. These two lines, as well as 
\ 4137, must then, from the point of view of anomalous dispersion, 
be affected by errors of observation. The remaining line is 
represented in neither the arc nor spark spectrum of zircon.* I 
regret that by a typographical error the line \ 4277 appears in the 
table as a Cr line. 


TABLE XI 
COMPARATIVE DISPLACEMENTS OF THE ZIRCON AND IRON LINES 

oN ? Intensity Observed Mean for Fe Residual 
BEAOQ ere gertivouiare ke 2 0.016 0.020 —0.004 
ALB Sire ie Sper faactal I .024 .022 + .002 
B27 SB iaectraione aateresis 2 .O2T .020 + .oo1r 
B27 Ta eeane Rete ° .026 .024 + .002 
AZOAn een actrees 2 .018 .020 — .002 
AZ OAM IAAI e ere. Stole fo) .020 .024 — .004 
AB SO os ccaebuetnanlte ° .O19 .024 — .005 
ASU Aine ethne eaage aah fo) ©.015 0.024 —0.009 


In this connection it is of interest to consider an element whose 
level is higher than iron. When the displacements of the titanium 
lines are compared with those of iron of the same intensity and 
spectral region the result is as in Table XII. 


TABLE XII 
DISPLACEMENTS OF TITANIUM COMPARED WITH THOSE OF IRON 


Intensity No. of Lines Mean Ti-Fe 
Oe ee tan 6 —o.0020 A 
Ds contvnket eerste are 7 — .0024 
Dis a Biervola eats See 18 — .0028 
Bra tiara Sree cocmieries Se smote Io — 00206 
YS, Fah A Ar a Bae 6 —0.0025 

47 —o.0026 A 


Professor Julius adds: ‘If, however, the accuracy attained 
would permit of regarding such deviations as genuine, the inter- 
pretation of the displacements on the basis of the Doppler effect 


*Kayser, Handbuch der Spectroscopie, 6, 864, 1912. 
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would be condemned. One could not reasonably admit the various 
absorption centers present in a gas-current at a certain level to 
have different proper velocities of outflow from the spot vortex.”? 

It was precisely because the deviations were considered to be 
genuine and because one could not reasonably admit that the 
absorption centers present in a gas-current at a certain level can 
have different velocities, that one was led to the assumption that 
they are at levels differing with their velocities. It is to be observed 
that the deviations between the displacements of the lines of these 
elements and of iron are of the same order as those between 
iron lines of neighboring intensities which Professor Julius con- 
siders to be genuine and explicable from the point of view of his 
theory. 

In saying that the displacements of the Fe lines of intensity 4, 
for example, are in magnitude between those for lines of intensities 
3 and 5, it is meant that, when the data are sufficient, the mean 
displacement for lines of intensity 4 is less than that for lines of 
intensity 3 and more than that for lines of intensity 5; not that the 
statement is true for every line of the respective intensities, other- 
wise there would be no room for errors of measurement and no need 
for the tedious duplication of observations by extending them to 
ever-larger numbers of lines. In an exactly similar way and to the 
same degree, one is justified in saying that the displacements of the 
lines of the heavy elements are, as a class, greater than for the iron 
lines of corresponding intensities. There are several grounds for 
expecting deviations from the mean: (1) errors of measurement of 
weak lines which are inherently great are somewhat above normal 
because in general the intensity of development of the plates was 
intended for the measurement of lines of medium intensities; 
(2) errors in the Rowland intensities, which are quite large for the 
weaker lines, in which case the individual variations are so pro- 
nounced that the results for a single line must be accepted with 
caution unless its intensity is verified; (3) there is always the 
possibility of the line in question being an undetected blend, 
especially in the ultra-violet region where the lines are so numerous; 
(4) there are apparently differences characteristic of the different 

1 Astrophysical Journal, 40, 7, 1914. 
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groups of lines of a given element. It is first necessary, however, 
to establish the broader outlines of a general truth, if it exists, then 
later the individual variations may be used to push investigation 
a step farther. 


GENERAL DISPLACEMENTS OF FRAUNHOFER LINES 


Another deduction from the dispersion theory is said by Profes- 
sor Julius to be proved by the center and limb displacements ob- 
served by Adams. These displacements, according to that theory, 
are a more pronounced effect of the general shifting of the Fraun- 
hofer lines to the red, which is ascribed to their asymmetry. Both 
phenomena, the general shift and the center and limb effect, are 
similarly produced, are subject to the same laws, and may be judged 
by the same criterion. In the case of the center and limb observa- 
tions the displacements are small for lines of weak intensity, 
increase to a maximum for lines of intermediate intensity, then 
decrease for lines of great intensity. Professor Juliussays: ‘This 
is exactly what our theory requires... . . Lines of moderate inten- 
sity should show the largest displacements, as they really do.’ 

It is interesting to compare the above definite statement with 
the results obtained from observations of general shift. The Fe 
lines of the groups a, b, and c4 are the best lines in the iron spec- 
trum for standards, their wave-lengths, under constant pressure, are 
independent of arc conditions, and the lines are of excellent quality 
both in the arc and in the solar spectrum. An extended series of 
observations on sun-arc displacements is a part of the Mount Wilson 
program. Some preliminary results are now being prepared for 
publication and their general discussion will appear later. In the 
list are 105 lines of groups a, 6, and cq. A synopsis of the means 
taken by intensities is given in Table XIII. 

For comparison the limb-center shifts are included, and also the 
sun-arc results of Evershed. The result based upon these lines for 
which sun-arc displacements can be obtained with high precision 
is at variance with the deduction from the anomalous dispersion 


* Mt. Wilson Contr., No. 74; Astrophysical Journal, 38, 352, 1913. 
2 Observatory, 37, 256, 1914. 
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theory. For lines of moderate intensity 5 the displacement is a 
minimum instead of a maximum. The march of the phenomenon 
for the iron lines shown by Fig. 2 appears not to be accidental, for 
the lines of group a taken separately, the two sections of the 6 lines 
in the violet and red respectively, and the lines of the same groups 
in the list published by Evershed' show a similar march of displace- 
ment with intensity. 


TABLE XIII 


Sun-Arc DISPLACEMENTS—IRON LINES 


Intensity 


2 3 4 5 6 7 8 Io-I5 


No. of lines 9 22 20 16 13 5 10 3 
Sun-arc. . .|+o.0047/-++0.0038|-++0.0030]++0.0020]-+0.0042|-+0.0058]-+0.0090/-++0. 0110 
Lana | .0083/+ .0047/+ .006 |+ .0055/+ .0077/+ .0135/+ .0134/+ .oT5 
1m = 
center... ./+-0.0066|-++0.0068|-++0.0071|/-++0.0088]-+-0.0083}-++-0.0088]-++0.0079]-+0.0041 


There are many lines showing negative shifts for the sun-arc 
comparison. The evidence that these displacements to shorter 
wave-length are real will be found in the paper to which reference 
is made above. Shifts in the solar atmosphere to shorter wave- 
lengths appear to be unaccounted for by the anomalous dispersion 
theory. 

A further and very serious difficulty for the theory appears in 
classifying the lines into groups by sun-arc displacements, that is, 
in putting into each category lines showing similar behavior in the 
sun, as the lines fall into the same groups as when classified by 
pressure-shift in the laboratory. The hallmark of pressure-shift is 
evident, but discussion is reserved for the paper on “Pressures in 
the Solar Atmosphere”’ now in preparation. It is of interest here 
only from its bearing upon the deduction from the anomalous 
dispersion theory. 

In reference to the limb-center displacements Professor Julius 
remarks: ‘Adams himself considers pressure as the effective agent 


1 Kodaikanal Observatory Bulletin, No. 36, 1913. 
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in producing these displacements; it therefore did not occur to him 
to classify the shifts according to line intensity.’”* 

It would more accurately represent Mr. Adams’ attitude to say 
that he did not classify the shifts according to line intensity because 
he recognized that the characteristic behavior of the elements and 
classes of lines would be concealed rather than revealed by the 
treatment of heterogeneous data en masse. It seems to be implied 
that Mr. Adams considered pressure the only effective agent con- 
cerned in the center and limb displacements. Such an inference is 
hardly consonant with Mr. Adams’ discussion of the question of the 
heavy elements and the enhancement of lines, and his treatment of 
scattering, motion, and level. In respect to the latter he begins a 


discussion with the expression: ‘‘Since the matter of level appears 
to be the most significant factor in determining the amount of the 
displacement for any given line . . . . ;? and it was at his sugges- 


tion that I took up the question of level and center-limb displace- , 
ments in my second paper on “‘ Radial Motion in Sun-Spots.’’ 


ERRORS OF OBSERVATION 


Professor Julius says: “‘A very marked fact not explained by 
St. John’s theory, viz., the large deviation of individual displace- 
ments from the means for each intensity class and spectral region, 
is shown to be in harmony with our interpretation on the basis of 
anomalous dispersion.’”4 

There are 131 lines in the lists of those to the violet or red of 
stronger lines. In such cases the large deviations explained only by 
the dispersion theory should be in evidence. The mean deviation 
for these lines without regard to sign is 0.003 A, which compares 
favorably with the precision obtainable in other solar spectrum 
measurement where the difficulties of measurement are of the same 
order. The mean of the 25 largest deviations of this class is 
0.007 A, while for 25 lines not under the influence of stronger 
lines it is 0.009 A. 


t Astrophysical Journal, 40, 27, 1914. 
2 Mt. Wilson Contr., No. 43, p. 26; Astrophysical Journal, 31, 55, 1910. 
3 Mt. Wilson Contr., No. 74, p. 23; Astrophysical Journal, 38, 341, 1913. 
4 Astrophysical Journal, 40, 25, 1914. 
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As to the lack of proportionality between displacements and 
wave-lengths, Professor Julius says: ‘‘One cannot admit such 
fluctuations to be entirely accidental or due to observational errors. 
The important retrograde differences between the values for the 
mean ) 4732 and mean J 5235, e.g., far exceeds the mean errors of 
the result of 76 and 86 observations, and must be genuine.”* 

On this point I am unable to make so definite a statement. I 
can only say I was impressed by the great difference in absolute 
values obtained from exposures taken in immediate succession even 
upon the same plate and in the same region. The area of maximum 
displacement is very narrowly localized at the edge of the penumbra, 
and unless the seeing is exceedingly fine the slit cannot be placed on 
the exact point; and when, as was sometimes the case, observations 
had to be made under conditions of poor seeing when the edge of the 
penumbra nearly disappeared, still greater variations were found. 
Although Professor Julius considers the high values of the dis- 
placements in the region \ 4634-A 4829 to represent a genuine 
divergence, he has nevertheless treated them as accidental in de- 
termining his normal displacements by a smoothing-out process. 
Consequently the normals are high for the violet and green regions 
and low for the region of mean \ 4732. In selecting the six spec- 
tral regions there was no thought of using them for determining 
the relation between displacement and wave-length. It was plain 
that an impracticable number of observations for each region 
would be required to eliminate the accidental differences between 
the regions. When, however, the results were finally assembled, 
the variation of displacement with wave-length was so evi- 
dent, in spite of the deviations for the separate regions, which 
my experience told me might be due to observational condi- 
tions, that it seemed a fair assumption to refer these displacements 
to the Doppler effect and to leave final appeal to observation until 
the approaching spot maximum. 

In considering the data in my original list of displacements, a 
clear distinction should be kept in mind between errors of measure- 
ment and errors of observation. In any one of the six spectral 
regions the relative displacements of the different lines are subject 

1 Op. cit., 40, 24, 1914. 
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only to errors of measurement, while the relative values for the 
means of the segregated regions are affected by the large variations 
in absolute displacements from plate to plate inherent in the 
difficulties of the observations. 


SOME OUTSTANDING DIFFICULTIES 


1. The regular progression of the heights given by flash spectrum 
lines with solar intensities leads directly to the same relative levels 
as those deduced from the displacements in the penumbrae of spots. 
The explanation on the theory of anomalous dispersion would seem 
to require anomalous dispersion to be directly proportional to the 
intensities of lines, and the arcs given by flash lines to be directly 
proportional to the anomalous dispersion of the lines, neither of 
which appears to be in harmony with observation. 

The 346 Fe lines, unenhanced and identified only with iron, in 
Mitchell’s Table I, show the following results: 


No. of Lines 
4 19 30 55 72 49 40 28 24 25 
Solar intensities. ..... fore) ° I 2 3 4 5 6 |7-8-9|10-40 
eights mks. t. . 275 | 279 | 288 | 344 | 369 | 307 | 425 | 488 | 590 | 806 


2. The regular change in the intensities in the flash lines relative 
to the intensities of the corresponding solar lines is a marked phe- 
nomenon and is not an obvious deduction from the anomalous dis- 
persion theory. There are in Mitchell’s Table I, 1181 unenhanced 
lines of intensity 6 or less assigned to single elements. The differ- 
ences, flash—solar intensity, expressed in intensity intervals, are as 
follows: 


| No. of Lines 


18 | 609 164 166 189 185 166 b Keke) aI 


000 | 00 ° I D, 3 4 wt 6 


+2.3|/+1.4|+0.6/+0.1]—0.7)—1.1 me eS 


Solar intensity ...... 0000 
Pilgshi-—solate...6 2 uc +3.4 


3. Some two years ago I published observations showing dis- 
placements when the slit of the spectrograph is perpendicular to the 
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radius of the solar disk passing through the center of the umbra.* 
It is implied by Professor Julius that such displacements are only 
occasional and occur when the region of minimum density has not 
a symmetrical shape.? Of the spots examined at the time of pub- 
lication, 70 per cent showed such displacements and practically all 
spots examined since then by more refined methods of observation 
have shown these displacements. They occur and persist for weeks 
in regular and symmetrical spots, so that one can hardly admit that 
“there is no difficulty in accounting for the occasional displacements 
in question on the basis of unequal refraction at opposite edges of 
the spots.”’. It may be possible to imagine a density distribution 
capable of producing the effect ‘“‘since almost any peculiarity in the 
appearance of spectral lines may be explained by anomalous dis- 
persion, if only we are at liberty to assume the required density 
distribution,’’’ but that such an artificial condition characterizes a 
regular spot during at least the greater part of its life seems improb- 
able, and the mind reverts to the obvious explanation based on 
vortex motion. 

4. There are some lines displaced in the opposite direction in the 
penumbrae of spots, but their small number does not lessen the 
difficulty for the dispersion theory. Not only are they among the 
most important chromospheric lines, but they often show displace- 
ments that are pronounced and obvious without measurement, they 
appear in every observation, and indicate a comparatively stable 
condition during the life of a spot. Up to the present the anoma- 
lous dispersion theory has been unable to suggest an explanation, 
and the Doppler effect due to the inflow of the upper chromospheric 
vapors is as yet the only one proposed. 

5. No explanation is furnished by the dispersion theory of the 
differences characteristic of the elements such as those shown by 
the displacements of the lines of iron, titanium, and the heavy 
elements when lines of the same region and intensity are compared. 

EFFECTIVE LEVELS 

The idea of levels has been employed in all spectroheliographic 

work, particularly by Hale and Deslandres, and has been previously 


* Mt. Wilson Contr., No. 54, p. 20; Astrophysical Journal, 34, 76, 1911. 
2 I[bid., 40, 29, 1914. 3 [bid., 25, III, 1907. 
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discussed by Abbot* and by the writer.? It is a familiar observa- 
tion that the different arc lines of iron, for example, are not pro- 
duced with equal relative jntensity in all parts of the arc. Some 
appear only at the poles, others only in the core, while others are 
characteristic of the flame of the arc. For these three classes of 
lines the effective centers of radiation are not uniformly distributed 
throughout the mass of radiating vapor. If such a body of vapor 
were backed by a suitable continuous spectrum, the absorption lines 
would be referable to different portions of the arc. Suppose, for 
example, that the core of the arc could be put into rotation with a 
velocity greatly differing from that of the outer layers. Such a 
difference in motion could conceivably be detected by the inclina- 
tion of the spectrum lines if the slit of the spectrograph were normal 
to the axis of the arc, since different portions of the arc are effective 
in the production of the classes of lines considered. Again let us 
consider systems of electrons emitting a number of lines of very 
different intensities in a mass of vapor of solar proportions with a 
similar distribution of temperature and density. For the strongest 
lines the absorption coefficient is the greatest and there will be a 
spherical core from which no light of these wave-lengths reaches 
the surface, that is, the emergent light of these wave-lengths comes 
from a spherical shell. The total radiation is an integrated 
effect and its center of gravity locates the effective radius of 
the shell or the effective layer. From the levels of the shorter 
radii of the shell the light emitted at the outer surface is small 
owing to the absorption; from the levels of the longer radii it is 
again small owing to the lower temperature; it is evident that the 
really effective level lies between these extremes. The lines will 
appear dark, as Abbot suggests, in contrast to the light that is not 
selectively absorbed, since such radiation comes from lower and 
hence hotter levels. If attention be directed to the weakest lines 
of the system, it is seen that light of these wave-lengths will reach 
the surface from a greater depth owing to the smaller coefficient of 
absorption, that low levels will be more effective and the higher 


t The Sun, pp. 97 and 251. 
2 Mt. Wilson Contr., No. 74, p. 5; Astrophysical Journal, 38, 345, 1913; Mt. 
Wilson Contr., No. 88, p. 18; Astrophysical Journal, 40, 373, 1914. 
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levels less effective for the weakest than for the strongest lines, so 
that the center of gravity of the integrated effect is lower, that is, 
the effective level is lower for the weakest lines than for the strong- 
est lines. From this point of view it is evident that the existence 
of tangential velocities varying with the depth could be detected 
spectroscopically. That these lines of different intensities may 
belong to a series does not seem to require modification of the 
discussion. 

Professor Julius urges against this point of view that in the 
laboratory a gas such as NO, shows at the same time strong and 
weak lines. . It is also true that the calcium spark gives ordinarily 
\ 4226.9, H, K, and many weaker lines, but de Gramont* has shown 
that K is the ultimate line, the last to disappear when the quantity 
of the element tends toward zero. If the quantity be sufficient to 
show K only, it is evident that the corresponding absorption spec- 
trum would show K only, and that with increasing quantities of 
Ca vapor H, \ 4226.9, and other lines would appear in succession. 
It seems a clear deduction that the upper portion of the Ca envelope 
of the sun would be the source of the K, line and that a greater 
depth of vapor would be necessary to produce the line \ 4226.9, or 
the center of gravity of its effective layer would be lower. In the 
laboratory experiment with NO, the range of intensity of the 
absorption lines depends upon the quantity of vapor in an appar- 
ently similar way. 

SUMMARY 


1. In the lists published by Professor Julius there are 43 lines 
to the violet and 39 lines to the red of stronger lines. Among the 
506 lines of my original list there are 24 other lines to the violet 
and 25 to the red of stronger lines within half an angstrom of 
stronger lines. Using the Julius normals the mean residual for the 
additional lines to the violet is +-0.0023 A, and for those to the 
red —o0.0034 A, results opposite to those given by the lines selected 
by him, and at variance with the theory. 

2. In deducing the normal displacements for a given intensity 
and region from those for the separate regions, one is dealing with 
non-homogeneous series of observations. The use of these normals 


* Comptes Rendus, 159, 5-12, 1914. 
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introduces residuals that are systematically negative for lines in 
Professor Julius’ lists which are to the violet of stronger ones, 
because such lines are all in the violet and green regions, for which 
the normals are too large. The apparent positive residual for lines 
to the red of stronger ones depends upon 7 lines in the blue series 
for which the normals are 0.009 A less than the mean for all lines 
of the same intensity and region. 

3. Using as standard displacements in any homogeneous series 
the means from all lines of a given element and intensity in that 
region, the resulting residual for the 67 lines to the violet is 
—o.0o03 A and for the 64 lines to the red —o.0004 A. For the 
131 lines the sum of the favorable residuals is 0.212 A, of the 
unfavorable residuals 0.218 A. Tested, then, by standards de- 
duced from the homogeneous group of observations to which 
they are to be applied, the lines in the near neighborhood of stronger 
lines show no systematic differences from lines not so situated. 

4. Influencing lines showing very strong anomalous dispersion 
exert no greater effect upon neighboring lines than those showing 
very weak anomalous dispersion. 

5. New measurements of weak lines in the broad shadings of the 
strongest lines in the solar spectrum show no systematic differences 
for lines near them nor any systematic progression in the displace- 
ments as the strong lines are approached. 

6. Criteria given by Professor Julius relating anomalous dis- 
persion to the chromospheric and limb spectra are applied with 
results unfavorable to the theory, and consideration is given to the 
increasing indefiniteness of the correlation between laboratory 
results on anomalous dispersion and solar observation. 

7. Professor Julius compared the displacements of the lines of 
the heavy elements with the standard displacements of the iron 
scale, which are high for the violet region, and by this procedure 
reduced the positive residuals. The displacements of the 21 lines of 
the heavy metals exceed those for the same intensities of iron on 
the average by +0.003 A when comparison is made with iron lines 
upon the same plates. 

8. The general displacements of the Fraunhofer lines to the red 
are a minimum for lines of medium intensities, a result opposite to 
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that required by the anomalous dispersion theory; and there are, 
moreover, many lines displaced to shorter wave-length, a phenome- 
non yet unaccounted for by the theory. 

g. Classified by their displacements in the solar atmosphere the 
iron lines fall into the same classes as when classified by pressure- 
shift, a result apparently not to be explained by anomalous dis- 
persion. 

to. A consideration of errors shows that for a given region they 
are not abnormal for weak lines near. stronger ones, and that 
the departures from regularity, when unconnected regions are 
compared, may be referred to the difficult observing conditions. 

11. The general conclusion from this review of solar observa- 
tions is that the deductions from the anomalous dispersion theory 
which are susceptible of definite and quantitative tests are not 
supported by the observational data, and that observations are 
outstanding which have not yet been explained by the theory. 


Mount WILson SOLAR OBSERVATORY 
October 22, 1914 
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THE VARIATION WITH TEMPERATURE OF THE 
ELECTRIC FURNACE SPECTRA OF VANADIUM 
AND CHROMIUM 
By ARTHUR S. KING 


The electric furnace spectra to be treated in this paper cover 
the range of wave-length from \ 3150 to \ 6850 for vanadium, and 
from \ 3550 to A 7000 for chromium. The method of classifica- 
tion as to the initial temperature at which a spectrum line appears 
and its rate of increase in intensity as the temperature rises is 
similar to that used in previous studies of the spectra of iron! 
and titanium.? 


APPARATUS AND METHODS 


The tube resistance furnace was operated in vacuo according to 
the method described in previous papers. A distinct gain in the 
photography of the spectrum was obtained by the use of the vertical 
concave-grating spectrograph? recently mounted in the Pasadena 
laboratory. The spectra under examination being very rich in 
lines, especially in the region of shorter wave-length, the second 
order of this 15-foot grating was used to advantage in the crowded 
region extending to about 4500. The scale is approximately 
1mm=1.85 A, and a range of about 850 A is obtained on a single 
plate. The first order gives a spectrum of high intensity and its 
scale was sufficient for the region toward the red. Seed “Gilt- 
Edge 27”’ plates were used throughout the spectrum, being bathed 
with the Wallace solution of pinacyanol, pinaverdol, and homocol 
for the region from A 5000 into the red. A number of photographs 
of the whole spectrum were also made with a 1-meter concave 
grating to record the lines most presistent at low temperature and 
to observe the general changes in intensity with wave-length for 
the several furnace temperatures and for the arc. 

1 Mt. Wilson Contr., No. 66; Astrophysical Journal, 37, 239, 1913. 

2 Mt. Wilson Contr., No. 76; Astrophysical Journal, 39, 139, 1914. 

3 Mt. Wilson Contr., No. 84; Astrophysical Journal, 40, 205, 1914. 
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The three temperatures on which the classification for both 
vanadium and chromium is based were given by a Wanner pyrom- 
eter as 2000-2150° C. for the low, 2300-2350 C. for the medium, 
and 2500~-2600° C. for the high temperature plates. With vana- 
dium, 2000° C. appears to be about the lower limit for the appearance 
of a spectrum, though the lines produced at this temperature are 
fairly numerous. The case is different for chromium, the melting- 
point of which is considerably lower. Temperatures between 1700° 
and 1800° C. sufficed to give a number of the most persistent lines in 
this spectrum, which are listed in a separate table. The somewhat 
richer spectrum given at 2000°, however, was better suited to show 
the development of the lines from this into the medium and high 
temperatures. 

The metals used in the furnace were metallic vanadium and 
crystalline chromium, both supplied by Eimer and Amend. These 
substances were of fair purity and as the furnace tubes used were 
of regraphitized Acheson graphite, the spectra obtained showed but 
few impurity lines of sufficient strength to be disturbing. 


EXPLANATION OF THE TABLES 


Wave-lengths —The wave-lengths in the first column of Tables 
Tand I] are those given by Exner and Haschek’ for the arc spectrum, 
supplemented occasionally by those of Hasselberg,? indicated by 
H, usually in cases where close doublets were not resolved by Exner 
and Haschek. Several chromium lines which are very wide in the 
arc in air were sometimes found to be resolved into as many as 
three sharp lines by the vacuum furnace. A vacuum arc furnished 
by special fittings inside the furnace chamber also gave sharp lines 
in these cases, which were measured from neighboring chromium 
lines and the wave-lengths entered in the table. 

An asterisk after the wave-length denotes that an explanatory 
remark for the given line is to be found at the end of the table. 

Arc intensities.—These were estimated by the writer from arc 
spectra taken on the same plates as the furnace spectra, the vana- 
dium arc being given by the metal in the carbon arc, while that 

 Spektren der Elemente bei normalem Druck, Leipzig, 191t. 


* Kgl. svenska vet. akad. handl., 26, 1894; 32, 1899; see also Kayser, Handbuch 
der Spectroscopie, 5, 337; 6, 750. 
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of chromium was formed between lumps of the metal. The arc 
photograph used was in each case of moderate exposure, the 
spectrum in general being comparable in intensity with that of the 
high-temperature furnace. Numerous nebulous lines, especially 
in the chromium table, are indicated by after the intensity value. 
A vacuum source, either arc or furnace, serves in general to sharpen 
such lines. The letters R and 7, both for arc and for furnace lines, 
indicate complete and partial self-reversal, respectively. 

Furnace intensities —In estimating the intensities of furnace 
lines an effort was made to obtain correct relative intensities for 
the Hnes for each temperature, a line distinctly outlined on the 
plate being given the intensity ‘‘1,” a fainter appearance being 
indicated as “‘trace’’ (7). The appearance of a line is usually much 
altered as the temperature rises, but the relative change of different 
lines with increase of temperature is shown in the tables. 

Classification.—The method of assigning lines to classes is the 
same as that used for the titanium spectrum and is but slightly 
modified from the system used for iron. Class I lines are relatively 
strong at low temperatures and strengthen slowly at higher tempera- 
tures. Many of them are given the same intensity for the three 
temperatures and for the arc. Class II lines appear at low tempera- 
ture but strengthen more rapidly than those of Class I as the tube 
becomes hotter. The basis of division between these classes, while 
sometimes rather arbitrary, is usually well defined. The lines of 
Class III are absent or faint at low temperature, appear at medium 
temperature, and are usually considerably stronger at high tempera- 
ture. Class IV lines appear only at the highest furnace tempera- 
ture, sometimes faintly at medium; while those of Class V are 
usually absent in the furnace or, if present, are faint compared to the 
arc intensity. For vanadium, as for titanium, this class is limited 
almost entirely to the enhanced lines, which are indicated by V E. 
Faint lines given in the arc tables are not entered in this list unless 
they appear also in the furnace. 

The use of A after the class number indicates that the line in 
question is relatively weak in the arc, being usually not more than 
half as strong as in the high-temperature furnace. The significance 
of lines of this character will be considered in the discussion. 
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AP20 G7 Lor 6 5 I | ictercense Ill 4885.81.. 2 PN Pars cere ceca oS IV 
4730.50..- 3 3 1a | esa Il 4887.00. . 2 6 2)" |ncontees IIIA 
4737-92.. I ay berecred lees oe IV 4890.29. . I T eas clone IV 
AZous 2a I j Red vragen Ci ae ee IV 4891.41... I Te || ee vacua rae IV 
4739.29.. I 7 sre Al tee IV Aj] 4891.80....) 4 4 Ty lee Ill 
4742.81.. 5 4 tree eae: IV 4894.41. 4 4 T lace III 
4740.81.. 5 5 Teh Cece IV 4896.60. I Ay | Peters Rene IVA 
AAT. 33). I Ee dl eatesieres | sweet IV 4900.21 tr T)) || eee leer. IVA 
4748.72 7 ai Dl Pile Ill 4900. Br. : 6 4 £r.0)| cee IV 
Ay Shea 2). 8 9 ON lava aeons III 4904.58". I2 12 Ae onion Til 
4751.80.. 6 6 ON lee estas 00 4905.10.. 3 3 Uae iis 
Ay SAO seer 6 A tl ote IV 4906.00. . tr To lesa aaa ree 
Algpsijenidal aL p||| vit 4 i Feel ST iil 4908.86. . I Daa ease leer cie 
Ags 7 Ooliey.|). o 8 2 apa: Til 4910.42. 2 Ts lcci arenes AE 
4758.94... 2 4 Tees eas III Aj} 4925.84. se) se) 8 I ae 
4765.86.. I TDA heer el bgaeee IV 4932.21 4 8 Be alee ar. II 
4766.81. Io 8 ey Where Il 4933.80. . 3 LD | eeaues ene ee 
ATS a SOc | el [Robe ms Oller e cron IV 4942.98. . I Det seaueers | treterae uy 
4776.54H..| 10 8 ZA idee eee Ill 4906.27.. 2 heed eect eo cc.c Av 
A77On FOr 5 4 Talli Serta: Til OO2s5O meena Ae alisadeell Seretes - 
Ai fipsilhin ce all ae EDs | ccacvelal suet 2 IV Sov Oansoll i B TS alent a 
4781.55. tr tale Peel | ee TV PAU SOA 7 As a ee || “ABA cece III 
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TABLE I—Continued 
FURNACE FURNACE 
A E 2 Cc 
D . . 
Cee) | OE? | ign |MEGE} pow | 8 |] Giascmeny | | mtigt | Medi row | 
Temp.| Temp,| Temp Temp.| yemp.| Temp: 

ROStAOus rs 2 Den le ethentieeeger st IV Rorooe ol ae 8 4 oy || 30 Je\ 
Efevey Weectomdencwal Me jars | tesa hel brarneoye V Ree hehe cg gl) Te le le sllegste ot IV 
EIOSeS 2p. 2 rah) satel tae chs Tie 554 O50 me eee 6 4 ep) aL e\ 
5128.70". 7 2 || APdlese de Ill GMOs ool) 2 7 4 tr | IIA 
5138.60*.. 5 gar dhe ote |Werceo c III 5447520..5-|) Se ewe 9 my AWE 
5148.87". 4 PBN Seat Pilhota ce Iberian es ait 3 6 5 oy ht Jah 
RTE ORG one 3 ? el hstieesee 1B U Greeel| HIRES) Gtsione al) ik By amet III 
5106.03- I Tete | eet steele IV 5501.90.. 2 4 Dil | ee feeec III A 
Rng o)sitita c I i (He Ores III 55740200. I 4 2 I ITA 
GL 70.05 4 2 Te edlivete ess III Sieve ygfe - 10 Io Io peel I 
5178.73-- I Ty, [eee cae IV G5S0n2 tur 2 2 TO i eromiead III 
Ex OmsOne I [face eel atic € IV 5588.69.. I 3 1S place IIIA 
5180.96.. I Tessier ee asiltars ene IV 5592.63.. 12) alto 8 on ae 
Stee OS 6 I aL | a eceee atone IV 5503.24... I 10 5 A |, JG yes 
BL O262 2 I Die os ee leer IV 5598.10... I 2 The ||lotohetece Ill A 
BEOS2Onr i 5 yooh sities III 5601.60... 2 3 Qa cys cers iol 
5193.84..- I I UP as care III 5604.41... I | ee Lens betel bk a IV 
5195.00.. ake) 7 Zap eae III 5605.18.. ge} || Ske | ae) | aa 
STOSMOS er § 8 De eee III 5624.87.. 20 12 I2 I5 I 
5200.80. I I (BU tewteake Ill O25. rOnr 10 Io | Io ce ef sm 
GANA oP I I LD apa III 502052 7m 8 12 Io 6 | stl 
B270n7 One g 2 [ae ees che IV S027 Ost Bey || ie TG ee 2 Ou |iaL 
522500. B 2 To) |teaeee Il O22 e7bee I 8 6 4 able 
Bae folio c 2 2 (oe WiG.ore-erc IV 5646. 29.. se) 12 10 Ry |, Aus 
BAVA ADp Sire |e! Bie Nis ata? III 5651.70. I tal tls aul lossorme IV 
6240838 Sie I I [Hea ees III 5657.10. I i? lle acacia o.0ic IV 
R240 57 9 5 2 | eeeaee. Ill 5657.70. a LOMO OMS LL 
200-12. I igh dlNswedsal peas: IV 5665.49.. I Te qieea selects IV 
5270-20... I Ea || eet ce eee IV 5668.55.. Ty I Ih Sie) OF eb 
5272.87. I Tees ee aeons IV 5671.05.. 20) E20) 2Ou ale ZO aL 
5282.70... I be Ce ene eae IV 5683.37... 2 2 Te eiereraers imDl 
SAO) Gain I B Tat eee TIT Aj] 5687.93. I Taser eta haved IV 
RAS R50 5 3 aad || eeepc Il cOGLa a Err I Te Se NE rcnete IV 
5383.061.. 2 be meen teat ah, IV 5698.71. Se}. |) exey | Step |] eh 
Bs o5eooue 3 I | leo ae III 5703.81. jie | "eXo), | oy || Bie |] LE 
5388.50. I I trglon: ee Iil S7O1n OEE 2 i 7 | oe ea epee IV 
5398.12. I (oh eee feo one IV S7OOR2 5 2 Toe Macatee vel showered IV 
5402.17.. 8 5 Drak leer: III 5707 20m bio) I) wey | rey. I 5 I 
ATC ATs ne) 6 beara lee reece III S700 Sia I Te plas, corel opoteneks IV 
5418. 20.. 2 TT | [eae Se eye IV SOOM rE 2 2 if Niboon. III 
5424.28.. 4 B TAs III GON 7 3 ST (ea: set =| oncteni IV 
5434-40.. 3 2 Cire hey Re IV 5725.80.. 6 5 bie oad c III 
5437-89.. I Ty olsewteus | ache IV 572712 Oks 607 5308430) Igo RE 
5458.31.. I Te Perce alercce IV GyPepokeighe « Ao) |) BS) | Bo |i, Ve 
5487.42.. 2 2 Tet leer creas iil 5730.10. tr 1, Wer Bol llO oa IVA 
5488.10.. IO 5 Pinal chron: It 573 te SOME Sto) Il Si sxe) I2 II 
5490.19... 2 2 Th || eee II 7G Gn 20nn I TV, Maes oe lve tae IV 
5505.09.. 2 2 Te cere III S733 eOCeE I ETN | eesccrerealle veers IV 
5507.95... 8 6 Biko eee It Seo « 5 4 etal erat Til 
Bit d toe 2 I Bie Sitters Seen ee IV S737 725 25 20 20 rete eG Ol 
eye I rig |b Sy) OLIVA e743 ho0re TOME 2On ino Saal 
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5747. 
5749- 
5750. 
5752. 
5761. 
5772. 
5776. 
5782. 
5783. 
5783. 
5784. 
5786. 
5788. 
5790. 
5800.2 
5807. 
5815. 
5817. 
5817. 
5826. 
5830. 
5846. 
5850. 
5853. 
5855. 
5863. 
5924. 
5979- 
5981. 
5984. 
6002. 
6002. 
6008. 
6016. 
6018. 
6022. 
6025. 
6039. 
6048. 
6058. 
6063. 
6067. 
6081. 
6087. 
6090. 
6104. 
6107. 
6111. 
61IQ. 
6128. 
6135. 


O2s a5 
ON as: 
SO des 


15 
TABLE I—Continued 
FURNACE FURNACE 
3 N 
Arc . LAS . . 
High | Medi-|) pow Sere |e eereseyy lace ree ee ow oa 
Temp. Temp. Temp Temp. Temp Temp. 
2 2 De eens Ill OLrs5sAQmee 5 1s ins TO el 
4 4 a bel thee 2 Ill OTSO. 62a) Ls 20 ZG Ome 
2 2 NS Boars Ill Wen ooo) ts heer ere: jp ae |) LAN 
3 4 ie hee III O182.00400¢) 1 4 OF fl eran ae IIIA 
2 7 4 Che PLLLEA | OLSoms See es 15 15 Ae NANT AN 
6 6 Seu eee Ill OMBOY@o0oa—e 4 2 | peeers III A 
4 I5 IO She) ABE AN UI) Onto eras all eye) || exe3 |] Bie) eT 
2 6 A ites auc IDO IN eA Key Aol) eG) || Brey || ex |] ig | 
I Tire aa eee IV PRYOR aoal| Toa ace eee IV 
2 2 Age ete Il ©2700 52-74 |e3 On 530) GOnn es SammleE 
5 3 cae eee III GAO oc al, Pie ||| nrc lie eases IV 
7 4 i Wie Be 8 III PRE sacl) 7 etn een III A 
3 4 eerie Ill 022457 Oe el 20 20 15 I 
Borer? mi |sa8: TERA 623079226 | sOu no sell o> ne OmelnT 
2 D sees acd IV OAR SIS call me Bye) jl) exey. || eis 9) AN 
3 2 Tea eres III OPA Z)oacall x Ey Ohl aaron | pee IV 
I sel Seo eralts otsow IV OAS eheks oo olf Ue (ag Wien Aci lee IV 
3 4 Bi Hl eenseter Ill 6240.30. OM es eae Bt TMA 
5 & Be || arenes Il 6243.02 15 20 20 25 it 
I I Be 6 leeetetets III O24ehe7. BOmnlaZOm me cOmnecOmmiml 
7 B 1 hes Ill 6243" 70)... 3 8 Wed leery 3 III A 
8 4 Tipe |ron ee Ill 6245.35.. 2 12 8 3 ILA 
2 4 2 aie III Aj} 6249.37.. tr Tor ere eee IVA 
I 2 CED) ayes TIAN |) ODER, « Grey || cfoy |] exey || eyo) I 
tr Te poet | eee are DViAS 6257-036 Seu ieZOm ie Onn |ELOmmmleAs 
tr Do eeesecilistore wc VEAG O25 S573 or 8 Diy |) RYO) i) || INT JAN 
2 4 Bia | eae aie III Aj] 6261.39.. 5 25 20 On eLA 
2 4 OH Were: III Aj} 6266.49.. 7 aXe) || Bye, 3. {JOE aN 
2 7 4 tr | IIT A]} 6268.08... i | Be i) eyey | ater | IU EN 
I 4 Gh Re oo beg TIE Aj} 6274.80.. 15 20 | 20 oye, || A 
2 7 4 i LIRA IRG2 S2ec2e, 2 3 Leste Ill 
4 Io 8 3 PGA Po2 osea2ne Poy || Yay |) Wey |, WE || IL 
tr 4 Diet |S otek III Aj} 6293.02.. Pe) || BXo) || Bye} 25 I 
I Ta Dae seo: IV 6296.69. . i LOU sE2Omn | Onm aL 
tr 4 Oye door III Al! 6298.89.. tr Tome ince less IVA 
tr jad Wists Seal \Cocron ce IV 6304.60. 2 Tew lewtetanlreres IV 
I 2 bn esere? III Aj! 6309.89. I Te | cers. eee IV 
25 15 15 15 I 6311.70. 3 2 roa Ppererte iit 
tr 2 1 lh eat ee III Aj] 6318.59. tr pe lates erage IVA 
5 ZOOM ELS 3 ILA || 6321.49. 2 1a eoeeetcral leer ons IV 
tr I (age Hebe III Aj} 6324.87. 2 3 TA | eee III 
I I Ciaair esa: Til 6327.00. 6 8 5 rm UBL 
25 20 20 2On |e 6220823er 5 i 4 (ge || NUE 
I 3 Cape hie cick III Aj} 6344.12. I Dey eke lions TAY 
ey |} we | Ok || Bhs 6349.61. 5 7 4 jie) UBL 
tr 4 Dal clisoeetic TEA Ga'55e728 I 2 i | aes IITA 
2 8 4 Coe LUA MOSS 7A 7 4 6 Are? nee Ill 
25 25 25 12 18 6358.99.. 3 4 OF Semen III 
Hie; \\ Ber |p exey |p aE |i 6301.42... 3 4 Da eo ee JHA 
2 6 4 tr | III Aj} 6374.67.. I 2 Te |\eeverye III A 
2 4 SU ste Mey TIES 6270053 3 4 Tp | ryscenes Til 
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TABLE I—Continued 
FURNACE FURNACE 
rN 
E A . Crass 
scm) | ae ek Mode tow maitre en mice ee Med \iow i 
Temp. Te Temp. Temp. Temp. Temp. 
6393-47-- 2 3 Dae lees eed ef 6543.71. 3 15 8 pe UE ek 
Se ou tr Lyssa tamales IVA |) 6550.26. . I Thee eh gece lias ata IV 
6418.87... tr ba (ol eared eae IVA |] 6558. 23.. 2 i 3 tee i OUT AN 
6423.50. tr heal Wen Shs Pines IV A || 6566.10. 2 8 4 jae | INE YN 
O42 eye. I CIA Wis ea sl IN nor IV 6579.19.. I 4 Bre leas eek IIIA 
6430.68... 3 5 eco] Jaat 6606.22. 5 ni Male gi || ANGE ye\ 
6431.82.. 2 4 CY AoGewc|| WWM bys\ Tororetss C..- 2 5 Re Widabac IIIA 
6433-37-- I 3 2 len LULA 6022" 80. tr 2 Ere Leyes IVA 
6435-35-- I B Zia ees LN OO2 Rsk rs 5 15 15 2 | SUbie 
6438.25.. {Sel Neate 0 Py Weleee ec Rte IV A || 6633.53. - I 4 Te lou TILA 
6445.35-- tr Tite |e a Sas IVA || 6644.02 tr 2 Creuse IVA 
6448.02. tr Bae eeoener | oreo IVA || 6662.6..... tr 2 (3 Goll eee IVA 
6451.20.. tr Al Utena Wes IVA || 6753.20.. 5 I5 15 3 IIIA 
O45 oes Ser 8 20 15 4 | ILA || 6766.70.. 4 12 12 2 IITA 
6467.19.. I 4 PF Nene ol) WMD) AY Oy GiG ce) 3 10 10 I IIIA 
6488.22.. 2 2 Cree lines He LVe OS12203 acre 7 6 tr) SEE 
6490.04. . I Ul tur eed yeah IV 68320510" .e | med 2 BN Sueno III A 
OHeveaceal ts dwey 1) sey ZU MP IULIN WN lee Mohs 2 3|| ks 3 Be Al Senators TA 
650800me | ant I (> Heel fd UAL O84. seen | mee 2 Deal ereyae III A 
O53 005s 20) 4/120 20 6 II 
REMARKS ON TABLE I 
A 

3217.20 Furnace line may be partly Ti. 

3533-87 Components of double line about 0.07 A apart. 

3583.85 Wide in furnace and arc. May be double. 

3606.85 Blend with Fe. 

3687.63 Blend with Fe. 

8720455 Probably double. 

3730.33 Wide in furnace and arc. Probably double. 

3842.02 Exceptionally strong at low temperature. 

879.38 : 

351963 Disturbed by carbon. 

3879.80 

3891.30 Double line, not fully resolved. 

3896. 31 Probably double. 

3898.08 Blend with Fe. 

3904.59 Double line, not fully resolved. 

3910.03 Probably double. Reversal is stronger on red side. 

4090.80 Blended with impurity line on medium temperature plates. 

4118.37 Double line, not resolved. 

4265.28 Wide in furnace and arc. 

4406.30 Probably double. 

4423.39 Probably double. 
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4433.05 
4492.49 
4517.73 
4666.31 
4687.08 
to 
4716.10 
4904. 58 
5047-45 
to 
5159.52 
6830.16 
6832.67 
6842.11 


| 


| 
| 


Wide in furnace. 

Wide in furnace. 

Wide in furnace. 

Disturbed by carbon. 

These lines are in a dense carbon fluting and intensities are 
uncertain. They are not strong in the furnace and probably 
belong in Classes III and IV. 

Probably double. 


Disturbed by carbon. 


d’s according to Shaw, Astrophysical Journal, 30, 127, 1909. 


18 ARTHUR S. KING 
TABLE II 
TEMPERATURE CLASSIFICATION OF CHROMIUM LINES 
FURNACE FURNACE 
r iN 
AND | A . EXNER ARC . LASS 
Ceancien) |) | Bigh aes Low Perrier High | Medi! Low : 
Temp Temp.| ~°™P Temp. Temp. Temp. 

B5SOrOLetee| A syllocsncildte aielaekae Vv 3743.10... 5 4 TE pile oe Ill 
AGeudecca|) im |! iby Wastin IV B7Ase 7 les 20 8 4 2 II 
BANA, aool| ieye |) i ae | eee IV 3744.03... 20 6 3 2 ell 
3572.90. 2 Dri | eee eee, ss IV BT AAO Tne 5 4 DI Nara III 
Qi etkele ¢ 5 3 T? ofa aes III BT AqeAcue 2 I (haa eee Til 
25744108 4 2 ies Weis Bee Ill S7AGm TS: - 5 3 i (ees Til 
3574.07. 5 2 sth bed cone Ill 3749.15... 20 Io 5 I III 
3575.00. . 3 ioe Mal cher al (eee IV 37/5 lps 4c I (Hee Alen eal tos eee IV 
3578.81*...|200R |400R |200R |roor | II 3/75 500e 2 I (Geb new x iD RE 
3584.47. FAA 1 heres ial bay oie ecasecns Vv B75 EaOr iS @ Lees Ill 
BeO7 502. BT) ene tes ee lira Vv 3757.80.. 12 5 3 tee OLE 
3593-64*...|160R |320R |160R| 8or | II 3758.18.. 6 4 Cy NAS se Til 
3500.54... I Tal | Popscks| | wees IV BO NOOh elena: 3 pao RS gach IV 
3601.81... 6 3 Dodi arreen, III Be Peels a|t zie) i 2 che peer Ill 
20027 Ore I I Choe III yiOeieSin cell 22 8 3 i 1 
3603.89”. 3 ip Teele Ill 3768.86. . 5 4 Te? || geictese Ill 
3605.49*...|140R |280R |140R} zor | IL 3769.14.. I I pat litem III 
3609.65... 3 2 ie Meee Iil 3786.38.. 2 ale cheeses fetcc toe IV 
3610.20... 2 I oP eles Ill BS SORS fite 4 8 & Zee lign 
3613.80.. I rN Bes lS ae IV 3790.35. 2 Tae al epaeeee | maceeke IV 
BOTS 779. Al a\) OL 5 3 a UNG 2790.60.28 5 2 or Wace IV 
BOLOMS a 2 ERE MW ence Ws co, ce IV B7OnaS Zor 7 4 Ti he ape Til 
3632.08... 6 5 Dal eae a Ill 370 2020mr 7 4 Ty lees Hil 
3636.70... se) 5 3 | e0b 3702555. - I SE) SEs Sains hee IV 
3039.97.. I5 5 4 I Il 3793-44.. 7 4 Teer III 
304045574. 4 B Tie | ae iit 3794.00. 7 4 eile aeters III 
3641.61. 3 B eee oes e's Til B704n 75 ae 5 B Te Allseceae III 
3641.99. 8 4 Os dante: Til B77 20 7 4 del al bee A Tit 
3040.30... I Ta eer aay ae IV BOT OS ee 12 6 ep ulieerrcsctie Til 
3648.66. . 2 3 Exp lense: Ill 3804.95. 15 8 4 i Ill 
3649.11.. 10 5 3 (je | My 3806.97.. 4 Tie Wioeysetve ltrs IV 
3654.07.. 8 4 rah es ee III Seeiseoosa|' 3 Tiagea| Seetorste III 
3656.40.. 10 5 3 tr) |) ED 281024. BT ret | Perel eee IV 
3663.01.. 2 2 Lea | eee Ill Bou2N3 0. = 5 aes WA Ges aed eS ee IV 
3663.36... 5 4 Seal Ns cu sis Il Riel Nay fig 4 Tecate neal stexe ee IV 
3660.14.. I Ting i Seo 5 [epeters IV 3815.60.. 10 5 3) ) lisaekions III 
3666.78... 3 Td | rowan eer: IV 3817.96.. 4 3 i Tiller ten Ill 
3676.45.. 2 SW Wes shee Pearce IV 3818.62.. 8 5 De) ees Ill 
3679.18... I Mee hogs! |e IV Bolton 2me 15 6 CPi ee ack Ill 
3679.97. 2 2 ee re III 3823.68. . 8 8 7 Ave ele 
3681.82. I STAGE 13: Seavey else, eat IV 2o255 bere ae) 3 Biller Ill 
3685.70. Gin || GS BOA and ay III 3826.58. . 10 5 2 ies ete III 
3686.95. 6n| 5 PAPA aes ne! Il 3030120" L/S Met iegsesteeelharce ce tall ages Vv 
3687.42.. ul Ne) Dee Sone III 3831.20.. 5 8 7 ey PAE 
3687.66. . 4 4 CPN lho Ill BoG2sOne 2 5 4 wee | TOOL yA 
3713. TOs: I Ta altecstee|| aeeaer IV 3834.04.. 8 3 RAN Ase Il 
3710.68... olka ae cl eativeeevallassastce IV 3830.22. 4 2 Ms Ueto Ill 
3730.90.. to | 1roR} tor Samael 3841.43. 20 7 5 i |) UU 
By Benton 12 r2R} ter fh tf 3842.22. ATUUSI 2:0 Tit oie eee eae IV 
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a 


(EXNER AND 
HASCHEK) 


3849. 
3849. 
3840. 
3850. 
3852. 
3853. 
3854. 
3854. 
3855. 
3855. 
3850. 
3857. 
3859. 
3862. 
3868. 
3870. 
3874. 
3875. 
3879. 
3881. 
3883. 
3885. 
3886. 
3894. 
3897. 
3902. 
3903. 
3903. 
3907. 
3908. 
3911. 
3912. 
3915. 
3916. 
3917. 
3917. 
3919. 
3921. 
3926. 
3928. 
3941. 
3945. 
3946. 
3949. 
3949. 
3951. 
3951. 
3952. 
3953- 
3958. 
3960. 


Arc 


HHWAR HW ND HW 


FURNACE 

Hich Medi- 

Tenn. terns. io 
8 4 I 
8 Ch Namen 

Io 7 6 
12 4 I 
Io 7) 6 
2 TONE Re: 
8 Se eet 
Toa ley eee |e 
3 OP ae 4 
5 oer eweas ee 
3 Dauner me 
be) 5 I 
6 lll ean a 
me | pete 
2 ie Wa ae 
5 BM aldara 
GER eects 
5 2 Aloe 
2 Al, ee 
Ores se) 
Lp || 3B, 8 
PSE yet 8 
Tips ll) Axes 7 
LS nt eect Ineo 
oie | he) eee 
8 7 5 
CEA eye oslo: 
OP RIEES le LO 
3 ERG deeper 
4 GB {eg er 
i 2 en, || ear 

ror 8 6 
I tee ae vee 
3 oa | ctor 

35R]| 20r | 12 

ke |i) 1a 9 
SL) ks orice tore cae 

2OrM ns Io 

Tigh | 12 ste) 
ho \leSeneuioeaey 
2 EET |eooees 
Rela eek | ce ce 
Ty eee olla ete. 
2 Le" Mba o 
I Chae 
B Te | Sovavere 
2 Crees eestor 
ie Wie ers coal eae 
I CO eat 


CLASS 


3963. 
3969. 
3969. 
3071. 
3972. 
3976. 
3976. 
3978. 
3979. 


3981 


3984. 
3984. 
399°. 
3991. 
3991. 
3992. 
3992. 
3994. 
4000. 
4001. 
4004. 
4012. 
4oI4. 
4o18. 
4022. 
4023. 
4025. 
4025. 
4026. 
4027. 
4028. 
4033 - 
4037. 
4039. 
4041. 
4042. 
4043. 
4046. 
4048. 
4049. 
4050. 
4OS5l. 
4050. 
4056. 
4058. 
4060. 
4065. 
4007. 
4075. 
4070. 
4077. 


a 
(EXNER AND 
HASCHEK) 


Ooms 
DO teas 
OOmsra 
AT eis 
Saturna 
AA aes 
SS aes 
S Oma 
95:--- 


Ev Ms, See 
Cis ast 


SOnere 
EA ae 


BOM: 
Pee aud 


20 ieee 


ARC 


dS COW W CON CONF 


H 
OWWH COHN 


Coal 
iS} 


FURNACE 
Heh Medi- L 
Temp. Tetiip, Ten, 
12 9 5 
5 4 tr 
10 9 4 
4 3 tr 
2 DCs creer 
ee lle cereen aia crate 
20 I2 4 
5 ee ON Receeiae 
4 29 \i|Reareyn 
6 A Al eeaten 2 
12 8 4 
8 5 I 
3 BN Teeeiees 
I2 8 4 
8 4 tr 
De) ily aie leer 
Io Agel igs 
4 Da teas 
3 CED lee tower see 
Sl levine | Osea © 
kA lees cakes! orp rs 
3 TiPle cee 
Dia ieee ere eerrens 
6 B tr 
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TABLE I1—Continued 
FURNACE FURNACE 
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TABLE II—Continued 
FURNACE FURNACE 
A —_—_—__—. 
. LASS E . 
High se Low * See ma High cates Low a 
Temp. Temp. Temp. Temp. Temp. Temp. 
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TABLE IIl—Continued 
FURNACE FURNACE 
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AN - f ER AND R . Crass 
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TABLE Il—Continued 
FURNACE FURNACE 
x IN 
EXNER AND | AR . 4 
Cie “S| Bieh Med | "Low Sard ie oe High |Medi-| pow ar 
Temp. Temp Temp. Temp. Tene, Temp. 
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TABLE Il—Continued 
FURNACE FURNACE 
IN rN 
. f E AND ARC . 
scene) il ool gh pee hee Cee Cer aeaee) High | Medi-| Low 
Temp Temp. Temp Temp. Temp. Temp. 
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COT SCO2 snl ed oi Wes cael eer IV ye toeiso 0c) I (eles 
5328.53...-] son | 15 ae) Gay ah iS 7 AON OAR |e I tT 2 arenas 
REV Cohn Jol) Doreuil|, ake) 6 Bee leul LY EE Re pe ees! WlGatodlo cocaine 
SER abel| Sie | 2 AIL yisiiotenc sell te 5 Sui late 
Seq0u05* (4: i We ceatel epic UNE Gy heraikoecoc|| 5 3 tr 
Revise e cal) 2 2 SO HIG tecre III fission ao ol) ee Io 5 I 
5345.99....| 70 | 40R] go | 30 | I G7 OAL I 7 | 20 LO 5 I 
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MOUs HOescol| 2 Bove ecaratee DV; S7o0n22a6 Hey | 2 8 z 
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VME Oo cca} 5 y ailseal oes s IV 5838.88. . 2 2 Tere 
5404.12. 4 oh Al beter) he Sinee 2 IV 5844.84.. e; 2 5 HN IBrenaes 3 
5480.71. 4 Pl eearecan| Reser € IV 6330.30.. 25 ({o) si) Xo} 50 
O28 sO2)e sO 4 QRenits wate Ill 6363.03.. PSe | ZOmnle some sO 
SOS. aceal) i I (Hee tests Ill 6501.43.. Py A Sis || sive) || “Key 
5642.50... 2 2 Tadd eese onic III 6529.30.. 2) Wikre ewale so lero 
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5664.24.. 8 4 Dis | enteece: III 6630.25... 4 20 20 20 
5681.42.. PAs fs alibi INPida 2 Vv 6661.30.. 12 Bee Watencsersilisrecres 
5682.63.. ATS 2 Tay tee Ill 6669.50. 3 Dy I Katorensvellaye eens 
5604.94. . bie) 4 Pon | epee ene III OSS area. 2 I tr | Severe: 
5698. 53.. 20 6 3 (ho: 4) WOE OSS 224enee 5 2 I GaIM atest 
GOON 7 Sn I I (8) Rind Asta. Til OS82r nama Io 4 738 Nal eters 
IR O2NS On ike) 5 De. |e Il 602474ar ere 10 5 2 \eenaae 
Bip mctey ie o Py ah Reet pate Als ire dor Pee choke Vv OO25/e4a ae 6 3 ees 
7 2ROSt 6 7 3 Coe LEE 6978.75.. 15 8 2 ||. ree 
REMARKS ON TABLE II 
r 
3578.81) 
3593-647 Widely reversed at high temperature. 
3605.49) 
3603.89 Concealed at high temperature by 3605.40. 
3903.05 Difficult blend with Class II Fe line. 
3911.97 Measured by writer in vacuum arc. Blend into wide and diffuse 
3912.13 line in arc in air. 
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a 
4097. 
4008. 
4008. 
Ali. 
ALEE. 
ALT. 
4129 
Aotie. 
4255. 
4459. 
4480. 
4490. 
4527 
4527. 
4535- 
4632. 
4639. 
4646. 
4656. 
4681. 
4095. 
5110. 
Sree 
5144. 
5161. 
5340. 
5387. 
5785. 
5780. 


5I 
82 


. 36 


50 
70 
Q2 
45 
8 


-53\ 


65) 
89 
39 
78 
68 
38 
Io 
35 


93 
30 
et 
94 
_ 
Ties 
95 
19 


As for A 3912. 


As for A 3912. 


Measured by writer in vacuum arc. 

May be close double. 

Concealed at high temperature by A 4254. 51. 
Blend with strong V line in furnace. 

Double, scarcely resolved. 

Very diffuse in arc. 


Blend with strong Ti line in furnace. 


Blend with Ti. 
Disturbed by carbon. 
Disturbed by carbon. 
d Rowland. 
Disturbed by carbon. 
Disturbed by carbon. 
Disturbed by carbon. 


Disturbed by carbon. 
Disturbed by carbon. 


Disturbed by carbon. 


dA Rowland. 
Rowland. Faint in arc, blended with A 5785.95. 
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GENERAL CHARACTERISTICS OF THE VANADIUM AND CHROMIUM 


SPECTRA 


1. Low temperature lines of chromiwm.—As has been noted, 
some chromium lines appeared at a temperature lower than that 


used for the low-temperature column of Table II. 


Table III is a 


list of these lines with their intensities estimated from a photograph 
taken with the 1-meter concave grating, a bathed film with filter 
being used so that the spectrum from \ 3500 into the red was 
registered. The temperature read 1728°C. and the prolonged 
exposure made it probable that the spectrum for this temperature 


was fairly complete. 


Igl 


Almost all of the lines as far as X 5000 were 
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obtained also on a plate taken at the same temperature with the 
15-foot concave grating. 

The intensities in Table III are quite different from those in the 
low-temperature column of Table II, given at 2000-2100°. This 
is probably in some measure due to differences in contrast and 
color-curve between the film and the plate, but chiefly to the fact 
that the lines of Class I retain a high relative intensity at the 
minimum temperature for their appearance, while those of Class II, 
which make up the remainder of Table III, are weaker than in 


Table II. 
TABLE III 


Curomium Lines GIVEN BY A TEMPERATURE OF 1700-1800° 


A I IN I A» I 
Aobfeatel tn cocoate 25 AZAABOS ayers 4o SOAS2OS5 mga =< tr 
3503504 serene 20 CNS UDO, cl one 20 S052 -OSinn stares 3 
BOOST AO es 20 AZGTRO Smee 30 Leltray ie coc aoe I 
BORG 7 a eer: I A cQno2 pent 40 SGO7 Zs 1Oe yer 5 
BHROGOOS sooo h de 2 AGU eA Samer 50 SOO 2.03 meena I 
BG ZL Ones 3 MOT Dardiniec oo 10 Rr 2 272 7 eee I 
BSSanA On erent 8 AZO Gre beter 4o 123s OG era 2 
BOOss3 One tae 7 PROBED a0 aa0 © 8 S204n 7 Tavera toe 70 
BSS0n 02ers: 7 FATA RAA ee ears 4 5200824 een 80 
Paes i i Balai 6 4497 LOS aw aerne 60 K2OSNOO ne aaa 100 

.05 ASAOALOee ae 60 Gey Pn oouae 50 
39°93) 20 f Bargain = A'S OS Omen ier 25 52 O4aa Seer ae 50 
3000-01 saevnere 10 AS S8On20" 5 sane 50 S205) 290 rete on 30 
BOLOnA Ler evamias 6 AGO LmOL ar 35 5200): SOsneaeete 60 
BOLOM3 2iactaeriee I2 4O0OOH00n nee 50 E2005 A Omercetare 60 
BO2TR Lees 8 AOUZSS or sere: 40 5300 280ne aca: 20 
BO2o OO weer ere 8 NGO DAS o5 66 oc 50 32S 5G ences I 
BOA DEO 7s I2 40200315 see ee 50 S320 nN 2On eer tr 
OSA CIR rer eneare 200 NEYO EOS bo Ga 5c 60 SSA SOOM cele 80 
BOT SOO mite ae I75 405 TAQ eae 40 S345 SOmse nics 70 
4230)1OOm ernie 150 AOS 23 Omer tenet 50 SAEORO Leet: tehiae 80 
TE het Money arise es 30 LOO 35 os ook Io 6330220" Rr ee I2 
MOCO WP n.og baee 20 AQO SiO 6 OHZ0303 "ret 6 
AZZONOO a ETE 20 BO22NOA meee tr 003012 bits aa: 3 


2. Successive development of the classes —The low-temperature 
spectrum, described for chromium in the preceding section, occurs 
for each of the elements which have been studied with the furnace 
at a stage probably not more than 200° above the melting-point. 
The medium temperature (about 2300°) produces a rich spectrum. 
The Class IT lines are well developed and the Class III lines are 
present. Those lacking are the weaker arc lines, some lines which 
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are strong but diffuse in the arc, and the enhanced lines. At the 
highest temperatures used the number is increased by the addi- 
tion of the Class IV lines, and in the case of vanadium, as with 
titanium, by the faint appearance of some of the stronger enhanced 
lines. A striking change produced by the high temperature is the 
general widening of the lines present at lower temperature, together 
with an increase in the number of reversals. 

3. Changes with the wave-length Photographs made with the 
I-meter concave grating showed the spectra of vanadium and 
chromium extending farther into the ultra-violet as the tempera- 
ture rises, a condition also observed for iron and titanium. The 
limits of the vanadium spectrum on these films are roughly A 3200, 
d 2800, and A 2500 for the three temperatures. The arc spectrum 
extends to shorter wave-length. Aside from the extension toward 
shorter waves nothing definite appears in the way of a general 
change. Low-temperature lines occur in groups throughout the 
spectrum, beginning with the limit in the ultra-violet. At the red 
end, while a number of lines occur in each spectrum for which the 
furnace is more favorable than the arc, these are not relatively 
strong at low temperature, but are for the most part in Class ITI. 

The tendency in all light-sources for lines of shorter wave- 
length to reverse more easily is perhaps nowhere so striking as in 
the furnace spectra. If reversal were dependent merely on the 
presence of rarer vapor at a lower temperature, lines in the red 
region should reverse as easily as in the violet, since a number of 
red lines are given by the low-temperature furnace. Reversal is, 
however, clearly a function of wave-length. The high-temperature 
furnace gives numerous and wide reversals of lines in the region 
of shorter wave-length, presumably by reason of the cooler vapor 
near the ends of the tube; but in the green reversal becomes more 
difficult and in the yellow and red even the strong low-temperature 
lines of these elements remain hard and sharp in the furnace spec- 
trum. 

4. Absence of the band spectra.—The arc spectra of vanadium and 
chromium each show a series of bands shaded toward the red. The 
heads of these have been measured? as approximately AA 5470, 5737; 


t Kayser, Handbuch der Spectroscopie, 5, 376; 6, 786. 
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6087, 6478 for vanadium, and dA 5565, 5795, 6052, 6395 for chro- 
mium. ‘These appear distinctly on my arc photographs but in none 
of the furnace spectra. The present evidence is that these bands 
are due to oxides formed in the arc and are not low-temperature 
spectra of the metals themselves. 

5. Comparison with the arc spectrum.—In Tables I and II lines 
of intensity 1 in the arc are entered only when they occur also in 
the high-temperature furnace. The number of arc lines in Exner 
and Haschek’s tables which are thus omitted from the furnace list 
is much greater for chromium than for vanadium. Of the stronger 
arc lines 35 chromium lines occur in Class V, while this class for 
vanadium is limited almost entirely to the enhanced lines (V £). 
In short, the relative behavior of the two elements is similar to that 
of titanium and iron, in that when the vanadium spectrum has once 
appeared (its high melting-point rendering the initial temperature 
higher than that of chromium), the furnace is highly efficient in 
producing a rich spectrum, giving at high temperature a spectrum 
closely comparable in number of lines with that of the arc. 

The most interesting difference between the arc and furnace 
spectra is probably the large number of lines relatively much 
stronger in the furnace than in the arc and designated by A after 
the class number. It is difficult to reconcile the behavior of these 
lines with a continuous change in temperature alone between the 
arc and the furnace. It would appear that certain conditions 
needed for the emission of these lines are stronger in the furnace 
than in the arc. No discontinuity is apparent in the development 
of the spectrum from one furnace temperature to another. A 
line strong at low temperature is strong also at medium and high 
temperatures, but it may be a weak line in the arc, and the same 
is true for lines which develop at the successive temperature stages. 
A Class III line, for example, may show a normal increase from 
medium to high temperature and then drop to a low intensity in 
the arc. Further investigation may show that the emission of 
such lines is greatly localized in the arc and that the furnace is 
better suited to produce a vapor in the same condition as the 
given region of the arc, but at present the reason for the difference 
is obscure. 
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EXPLANATION OF THE PLATES 


The two sections of Plate III show the vanadium spectrum 
from \ 4000 to \ 4950 for*the arc and for three furnace tempera- 
tures. An interesting region in the red is reproduced in Plate IV. 
The large changes in relative intensity of many lines are brought 
out, together with the maintenance of a high intensity at low 
temperature by the lines of Class I. The development of a typical 
carbon fluting is well shown in Plate III. The low temperature 
is barely able to produce the strong head at A 4737. 

Plate V gives a similar series of arc and furnace spectra for 
chromium from X\ 5100 to \ 5425. Most of the prominent lines 
here belong to Class I and the chief change in them is a widening 
at high temperature. Strong lines in other classes occur, however, 
at AA 5197, 5225, 5255, and the groups at AA 5276 and 5329. The 
growth of the strong carbon band A 516s is also shown in this plate. 


SUMMARY 


1. The electric furnace spectra of vanadium and chromium have 
been studied for the ranges \ 3150-A 6850 and XA 3550-A 7000, 
respectively, the classification of lines being based on a comparison 
of the spectra given by three furnace temperatures with reference 
to the temperature at which a line appears and its rate of 
strengthening with increase of temperature. 

2. The leading features in the development of the vanadium 
and chromium spectra are similar to those observed for iron and 
titanium, the vanadium spectrum being very similar to the latter. 

3. The chromium spectrum near the temperature at which the 
vapor begins to radiate shows a predominance of the lines of 
Class I, which change little at higher temperatures. 

4. Certain chromium lines, very diffuse in the arc in air, may be 
resolved into sharp components in a vacuum source, either furnace 
or arc. 

5. A large number of lines belonging to various furnace classes 
are relatively weak in the arc. 

6. The extension of the spectrum into the ultra-violet increases 
as the temperature rises. In other respects the distribution of 
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lines at different temperatures shows no definite relation to the 
wave-length. 

7. The ability of lines to show self-reversal in the furnace 
distinctly increases with decreasing wave-length. 

8. The absence from the furnace of the banded spectra which 
appear in the vanadium and chromium arcs indicates that they are 
probably due to oxides of the metals. 


Mount WItson SOLAR OBSERVATORY 
November 1914 
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THE FLASH SPECTRUM WITHOUT AN ECLIPSE 
REGION \X 4800-A 6600 


By WALTER S. ADAMS anp CORA G. BURWELL 


In a brief communication" published in t909 Hale and Adams 
described the methods employed in photographing the chromo- 
spheric spectrum with the 60-foot tower telescope and the powerful 
spectrograph used in conjunction with it. Some results of the 
observations in two limited regions of the spectrum were given to 
indicate the character of the photographs obtained and the degree 
of accuracy of the measured wave-lengths. Observations made 
since that time by Mr. Hale with the 150-foot tower telescope 
have shown that the use of the larger solar image probably will lead 
to a distinct advance in the quality of the chromospheric photo- 
graphs. In spite of this consideration, however, it has seemed 
desirable to publish the results already obtained, not only because 
they give some indication of the possibilities in the way of investi- 
gations of the chromospheric spectrum with the use of a solar image 
of moderate size, but also because the results almost certainly 
will differ to some extent from those obtained with the larger image 
on account of difference in the level of the observations. Since 
the slit is held rigorously tangent to the solar image during the 
exposures, it should be possible under the finest conditions of defini- 
tion to reach a somewhat lower level in the chromosphere with 
the larger image. 

The method employed in obtaining the photographs was that 
described in the communication by Hale and Adams already 
referred to. The light from the sun’s limb falls upon a diagonal 
prism so placed as to reflect the light horizontally to a second prism 
immediately above the slit. The first prism is mounted upon a 
slide with a screw adjustment allowing of motion toward or away 
from the second prism. After the sun’s image has been brought 
tangent to the slit the observer selects a bright line of the chro- 
mospheric spectrum and brings it into the field of view of an 


I Mt. Wilson Contr., No. 41; Astrophysical Journal, 30, 222, 1909. 
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eye-piece, mounted in an opening near the end of the plate-holder. 
During the exposure this line is maintained at maximum bright- 
ness by guiding with the screw controlling the position of the 
first diagonal prism, thus moving the sun’s image slightly on the 
slit. The objective employed in the 60-foot tower telescope is 
corrected for visual light and hence is not well adapted for photog- 
raphy in the blue and violet portions of the spectrum. For this 
reason, and on account of the difficulty of seeing with sufficient 
distinctness in this region the bright lines necessary for guiding, only 
a very few photographs have been obtained to the violet of \ 4800. 

The second order of the grating was used for all of the photo- 
graphs, corresponding to a linear scale on the negatives of about 
Imm=o.9g angstrom. 

The exposure times varied from four minutes in the yellow and 
green region to eight minutes in the red. 

Table I contains the results of the measures. The portion of the 
spectrum between A 4800 and \ 5500 has been studied much more 
extensively than that to the red of \ 5500, and the wave-lengths 
given depend upon a larger number of determinations. For lines of 
greater wave-length than d 5900 only two measures are available. 

The photographs upon which these results are based were taken 
largely to test the methods employed, and in the case of some of 
the earlier photographs the diagonal prisms used were too small 
to give the full length of the brightest and longest chromospheric 
lines. As a result we have not attempted to measure the lengths 
of the lines and use them as a basis for discussion of level in the 
solar atmosphere. It is evident, however, that with a slit of suffi- 
cient length to admit the longest lines, measures of the size of the 
arcs made in this way would have a marked advantage over those 
from eclipse photographs taken without a slit in that the exposure 
times would be uniform for lines of all lengths and not progres- 
sively longer as in eclipse spectra for the lines of greatest length. 
The photographs taken without an eclipse have, moreover, the 
advantage of accurate guiding. 

The results given in Table I are for the most part self- 
explanatory. The measured wave-lengths of the bright lines are 
in the first column, and following these the lines in Rowland’s 
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table with the corresponding elements and intensities. We have 
preferred not to add a large number of somewhat questionable 
identifications to those made by Rowland, but have included several 
taken mainly from Hasselberg’s arc tables which sun-spot observa- 
tions have verified. The chromospheric intensity given in the fifth 
column is on an arbitrary scale extending from 0, a line just visible 
on the continuous background, to 50, which is the intensity of D, 
on our photographs. 
The abbreviations used in the last column are as follows: 

dr= double reversal 

w =wide 

bf= bright fringes 

E =enhanced line 

The term “bright fringes” is used in the case of dark lines which 

show a faint bright line on either side, in general too weak for 
measurement. They are true double reversals but very faint. 
These lines, on which no measurements have been made, are 
indicated in the first column of the table by the absence of figures 
beyond the decimal point, these being given in the second column 
(from Rowland’s table). 


THE LEVEL OF THE OBSERVATIONS 


There are three features in these results that indicate a very 
low level in the solar atmosphere for the point under observation. 

1. Essentially all of the stronger lines are double reversals, 
similar in type to those of the hydrogen lines, but of course very 
much narrower. This is an indication of low level. 

2. A large proportion of the bright lines are very faint absorp- 
tion lines in the solar spectrum. St. John has shown clearly that 
in general the fainter the line the lower the level of the gas producing 
the absorption. 

3. The carbon fluting with its head at d 5165 is very strong. 
This fluting is known from visual observations to originate at a 
very low level in the solar atmosphere. 

In view of these facts, quite apart from the obvious considera- 
tion that a slit tangent to a solar image 16.8 cm in diameter under 
good conditions of definition should reach a point very close to the 
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TABLE I 


WaAvE-LENGTHS AND INTENSITIES FOR CHROMOSPHERE LINES 


ROWLAND mA ROWLAND 
OBSERVED Cur. g OBSERVED Cre. 
A Int A INT 
N Element | Intensity BS) a Element | Intensity 
HER thers |) seHC) loco conan 0000 m ABAOS7OO8\ yar a ore |leraceroale etal ete coeuemeen tee fe) 
4804.220 | .232 La 000 I 4848.121 TLOWyeresestetes 0000 ° 
4804. 530\ om 4848. 282\| .438 Cr 2 om 
892) 700 Core on) dr T720)i\NeOOs as 0000 ° 
4805.301 | .285 ABI 3 2 dr E || 4849. 242 iat 
4805.605 | .606 Ti ° I Asa il BOOe aaa . No ff 
AS75388. l| Serene | ec ekee ell cuneate eat eke ° 4849 .664 | onal 
4807.726 | .725 | Cr, V | 000 I 50.073) 845 - Sa he If 
4807. .90o Fe To ae hen (torsos bf 4851.680 | .689 | Ca,V | 1 I 
MIOVLAL |b oocse Taal ks ceetee: 2 4852. Ue Mee Bolo c Pee illetg cco x 
4810.730 | .724 Zn 3 I ASSANS OAM ERS C ote Greet 0000 ° 
4811.532 | .542 Nd ferele) 2 AS55030) 5O5G0|( He. Va: 
4813.670 | .661 Co I 2 4855 .600 Ni Bt tae ee 
ASU Al A 1! eet OOM |e erste oooN I 4856.195 | .203 Ti I ° 
ASTAROTO: lao leer eee tee es ° 4857 .579 Ni t- ,. . eee 
pee? 223.0 alee eed 0000 ° 4859.204 | .221 Nd ferele) I 
ARN |) BOAO ooosdocs 0000 ° 4859 .803\ ° 
MSO KOT |P GONG [o.oo ceo 0000 I 60.050f 928 Fe ou { ° \ 
4817 .856 +> ° | 4861 .092\ 20 | 
OES .988 | Ni? Fer} 2 Si dr 898 527 | H, La |30 ie 
ASO UAE |) GAS \lo5ogctoo¢ 0000 ° 4862.621| 8 fo 
4819.818 | .830 x 0000 ° .923f SAPS ie Oe 2 io Jf 
aay 593 am I es 1 4864-356 SO 2iale cee “0000 ° 
4823 .543 I 4864.484 | .505 Cr I ° 
.856 -697 wg @). |f dr 4864.906 | .gIg” Vv ° ° 
4 aS has \eFexCee | 3 J i \ fe pa ee a7, Oia eee a ere I / ° ' 
4825.664 | .666 Ti 000 3 : 5903S 465 _ a lo 
i Sa@ewO | soley Woon os4c 000 fo) 4866 . 906 O301'l\5 cate 0000 ° 
ASOT OL Ta eicte ccs |e. sess teetcnallfoqerotte batons ° 4867 .585 (Sou 
AS 2S e720 asic elles tets tall skeet vee I .847 Le A aa ed { © jf 
ASS TET TOME cece, allie ceesvates anus era eeoee ° 4868 .048 056 Co I 2 
4832.466 | .460 Nd 0000 I 4868 . 252 I 
4834.548 oe Fe : { ON ioe 4427] .451 Ry fo) (2) 
3 soe ie . 709 I 
4835 .890\|¢ I 4870.316 | .323 ali I I 
6.217f|> 59 re 2 Nee dr 4870.982 | .996 | Ni, Cr | 3 ° 
pence 313 Ti 0000 ° 4871. a5 L2 e So Vee 
4836 .935 Cc { ° 4872. 332 Fe Avy ieee 
7.180 RiO44 : oo ° dr 4873 .639 630 Ni 2 ° 
4838.543\| .699 |......+.| 2 2 dy 4874.189 | .196 plat ° I 
A SON ockeye | Le ING | ; I 4874. 368 27 OM Ititoe nen 0000 ° 
4839.504 F ° ASTAGOSO) NT sOO3) | aae eioe 0000 I 
.869 “734 e 3 Gon dr 4875.668 | .671 Vv I I 
ASAOe LOJA) unLOSn senor 0000 ° 4876 . 586 Cr Ti) | Nees 
BPAO:A SE. .449 Co 2 I 4878.169\| .313 Ca 3 el 
4840.925\|, Ti { oll g 548f| .407 Fe 4 ie if 
1.250 74 3 © if : 4881.750 | .739 Vv IN I 
4843. 336 Fe 2 ia en erie bf 4882. 336 Fe 3 ple caer 
4844.401 | .408 Mn _ | coco I Ww 4882.650 | .670 (CE 000 I 
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TABLE I—Continued 


ROWLAND x ROWLAND | 
OBSERVED CHR. a OBSERVED Carr. S| 
r INT a en Int. 3 
» Element | Intensity 4 a4 A Element | Intensity @ 
4883. 798 2 4920.552\ Ooh 
8767] .867 MY 2 (4)}| dr .851f 1085 Fe to em ff dr 
est 2 4921.158 | .147 La ° 3 
4885. 106 Jo. 4921.982 | .963 | La, Ti | x 4 | He? 
.42rf ~~ fh z erah dr 4922.449 | .446 (Ce 2 ° 
4885. .620 Fe Cy cosh Bele bf AQ 2SSSAAN MGA On een mer arene oood ; ° 
4886 .094 | .132 Gr rere) ° 4924.012\ esa 
4887.182 | .187 | Ni, Cr | 2 I . 189 f Pe LR 5 lh au fh a 
4887.729 i. See 0000 ° ; 4924. 1 .956 Fe 3 ; : : bf 
.187 Bee ies” 0s iaevere b 4925 .573 : ° 
<2: \.204 Fe ee Nn xceee .876f creo DL Ol eff dr 
4890. .948 Fe 0. ef ee bf FPL or yh omens n gare Onloe hae be ae ° 
4801. .683 Fe Sen Bs ee bf 4928. .050 Fe Dio A ee lios ees bf 
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4803. 030 Fe ia en bf 4933. 300| fe) 
4893.182 | .228 | Ti,Sc | 000 ° ie a514 Fe 2 le { dr 
#303-087)| .907 pc... ons 00 I 4934.152\| .214\| p.- J3 I 
4894.142 | .141 Ce 0000 ° .381f| .277f Ba-Fee \4 a If dr 
4896. -625 Fe Eel 10! Ulcer bf OBR AOKS |) KES || nc ocnte 0000 ° 
4Z900.102 || .o95 | Ti, La | 2 i 4936.012 | .O15 Ni 2 I 
4900.300 | .301 Ne 2 B 49360.546 | .512 Cr I ° 
AQOO. STA .808 |... 0.4% 000 ° Ww 4037. . 902 4m Clery = Nene bf 
4901 .056] : fo 4938.471 | .467 Ti? | o00 I 
.270 a eg Ti 2 ° dr ean || exten ene oe ea eee ; ° 1 
OOD OAS i e257) oie oes 4 0000 ° 4939. 243 ° 
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BOOS+00G04|| . S00) |... 5: 0000 ° 4941.476 | .496 | Co, Sc | c000 ° 
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Wes . 566 Fe 2 és dr 49§0.150 a fe : ol fe 
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4914.560 | .583 Nd_ | o000 2 4958. 302 es Ti oe aml ay 
A OIEHA1O23) | sO 208 lie coetecsie << 0000 ° 542 oxi 
4917. .410 Fe a ee bf 4959.282 | .320 Nd 0000 I 
4918.536 | .543 | Ni, Ti | 2 I 4901. 100 Bc | iA Nes ae @ | ie 
4918.884 | .886] Ni |o ; I Bee lie. J 
19.01 ° AMO OhE eee || Or! lncoaadac 0000 
a ee a we : Tey J dr 4962.486 | .467 Sr? | 000 ° 
AQZOROAAM ESOT nv. orert ens fore) 2 4962. Sis Fe SOW lance bf 
MQ204220 Ihe 24 0) ||oeric os & 0000 ° 


201 


6 WALTER S. ADAMS AND CORA G. BURWELL 
TABLE I—Continued 
ROWLAND i ROWLAND g 
OBSERVED Car. < OBSERVED Cnr. cI 
PN Int. Fl A Int. | 
A _| Element | Intensity Fe) A | Element | Intensity 4 
4965. 235 ° 5009 .633| ; rt | 
hia gatsie Ni ° ar dr 1eleoul .829 | Ti, Co | 00 { rf dr 
4968. 080 Fe 3 Racca dai SOE. O27 5 cians COE Tl ae eeane I 
4969 ..966 8 F [0 5012.108\| .252 Fe 4 ral 
70.229 ts ; 3 ° dr AGA 33 Stil tere fake a sf dr 
AO FORGO nrc: al eats Clee 2 5012. 625 Ni 1’) pt bees bf 
AQ71.374 é [o 5013.890 | .871 Ti ° I 
“66rf} “537 NE Cou s } I dr 5013.967 | .953 Ce 0000 ° 
4973 .146 5 ° 5014.250\| .369 Ti 2 I 
ain Bh Ti-Fe | 4 eras 5S vir Fe 3 om dr 
4974.93 O42 a erat _.++| 0000 I Ww 5010. 216 : ° 
4975-491_| -530 Ti fore) 2 469 f “340 a 4 isos Jf dr 
SU ou Mi fo) fo) \ de 5017. 762 Ni 3 sae 
.633f| -50 i I ° 5018. 519| J 5a 
4078.368 372 Ti 00 I 7275 .629 Fe 4 ae dr E 
4978. be 2 Fhe Fe Ce bey Uelibs.oec: bf ixop Keay). Cond cage eN pastor 6 oe-clle clo stud. ° 
4979.3 $30 TH ie ects 000 ° 5020.050| . If ae) 
4080-732) 7 | | [so Na. Piece | esis. 
588 f ery §022.222\| ,, Fe ollg 
AQStEAOOM 2453) laste ace 0000 ° el Sate 3 cop ff ‘ 
4081 .773 bE: Ti 4 { oe) “ae 5023. 052 ami 2 5 On| epee bf 
aa i Oo. |i - S024 7249) nne 0 3|ceeemeee ell Sere o lw 
4984. -207 i Die Wy | ta 5024 .g00| : ° 
4985. 730 Fe SNe hy hae bf 5.195 f]> 027 = 3 { ° \ dr 
4986. 290 403 Fe f fon de 5025.725 | -749 Ti I ° 
-551f tow SO25n OOM OSS eee 000 o |w 
4986082 2. .- BE he ji pees I 5027. 305 Fe 3°) Se bf 
AOQSOHZOUMM SUS || ao ee 000 I 5020. 805 Fe Te Oa eaeree bf 
4989.010 130 Fe 2 oh Ap 5030510311) -OOOMiamnae ais 0000 I w 
.264f| .325 Ti tole) I 5031.084 | .058 Sc 0000 ag 
4990.106 | .147 Nd 000 I SO3 72a LOOe senate 3 B 
4990.544\) 65. Fe 6 om ay 5032.244 | .252 0000 I |w 
; -739 ee 50331 700m| [ee 4 See eee 000 1 |w 
gor.115\| Ti Elles 5034.354 | .354 000 ° 
348 afl 3 Woy t SOSA sOSml ts 3 Onan ae 0000 ° 
4901. AC 25 etal say |e 2 en | eee bf okey. Weve) bal iA eric adieu ae Cllaed ou ° 
AQOSRSS Sa SS EN ° 2 5035. 542 Nig SS 2 Rees bf 
4904. 316 Fe 3a Ween eee bf 530, 300mm 2 mere 0000 ° 
Eo BOS Ne tie ees oo00Nd ?} o 5037008) ean Cen Gite eon ° 
4997-148 ; foo 038.292] : ; 

Mis; . 283 ARG fo) i dr 5°3 pe .579 AB 2 : } dr 
4999-554!| 689 | Ti,La | 3 ae dr 5039. 428 Fe Se aE eee bf 
815 a Neorg) 5040.020 i i 
5001.166 | .165 Ti ° I 275) -138 Ti 3 rt if dr 
FOOL AOS ml OS Aull insta 000 fo) 5040.602 | .644 € 0000 Ew 

5002. .044 Fe Sra heh Pam lcio bf 5040.926\|1.069 Fe 3d? Ee Il 
5002.491 | .510 Vv 0000 ° 1.380f] .255 Be 4 ° dr 
Slo Goal) atche Ipagon ad o 000 3h 5041.066\| .795 Ca 2 I { 
5005. 896 Fe NN ae ee bf 2.125f| .936 Fe 4 ami dr 
5006. | ee He 5 ae 4 bf 5042. 307 Ni Ty) Rhee bf 
5007.285\| .39 i 3 I 043. 76 Ti 

.646f| . 461 Fe 2 i if wee fas : eae a 
a ee ee ee ce | aL | 
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TABLE I—Continued 


ROWLAND 8 ROWLAND g 
OBSERVED Cur. & OBSERVED Cur.| # 
IN INTy a A Int. Fl 
A Element | Intensity bs. A Element | Intensity a 
5044. 232 {f- Ie ay { iE 5078.544 | .541 E 000 ° 
533/| 294 |\ Co-Fef| 3 o f| or Gloysiatetsey | BRE occ wows « 0000 I 
BOAS ASTON EASA le cee 00 re) 5079.003\| .158 Fe B onl ae 
BOAT OST. Mice ns EVGA | eet ree meek ° .528f] .409 Fe 4 ime: 
5048. 464 fo 5079. .Q21 Fe 45 ey es bf 
770) 612 Fe 3 lo dr 5080.275 | .288 G 0000 2 
5050. .008 Fe 6 Bois pals 5080.599\|_ . : ° | 
5050.905 | .9I9 c 000 ° Bagi) Ni 4 ie | dr 
5051.558\| .683 Ni I I ae 5081.736 | .764 Sc 000 2 
g60f} .825 Fe 4 pap 5081.943 | .942 (C 000 ° 
SORES Teta eee oN o | w 5083.180 | .205 (C oooNd? | 1 
ROC OSs GOST kin oc fore) ° 5083 .383| om 
5053 .038 | .056 ni ° I 635) 518 Fe = aor dr 
BOSS EGE 750) |wcw ea « ooN fo) 5083 .896 877 Sc 000 I 
5054.253 | .261 ui 000 fo) 5084. .279 Ni ee Vlas 2 bf 
5056.290 | .307 C ferefe) ° SOSAMOA OM aero 7 OF | leeerare rer 000 I 
BOG FECOON 2875 eee ue.< 0000 ° 5085. 691 668 Sc ° ° 
5058. 509\ om ROSOSSOA Mi nd 22 alee fore) I 
809 f 674 Be a Eom os 5086.602 | .570 C 000 I 
BOO AO7N I) -400 [ic .: 46° 000 ° 5087.096 | .104 SC 0000 ° 
5060.096| [ian h 5087.592 | .601 We I 4 
413) =25° = 3 Uae if e Foes | oo coscuee 000 I 
5061.899 | .882 EC fore) ° Gereactrs) || oe Ilscoaccac oooNd ? I |w 
5062.297 | .285 i ° 2 eee 0.004 | Sc, Nd | o000 ° 1 
5063 .353 | .355 c rofe) I 5090.810 { ° 
5063.468 | .470 C 000 I I.100f “954 Be 5 o f dr 
BO02.000) | . 027 |ste-2.-% 0000 ° 5092.503 | .483 © fete) I 
5064.244 | .244 Ebi fore) ° 5092.984 | .977 Nd 000 2 
5064.671\ 826 Ti morn oe 5093.868 | .858 (C ooooN ° 
-974f| ° 3 3 ere 5095. 332 BAS: eencecrnec ood ? I 
ef .207\ Fe 3 - bf Her daGay |) sCWey llbooouc ec 0000 ° 
5065. .380f| Fe 2 eae: 5096.930 | .908 | C,Sc | o00 I 
62008 lee 2s fore) i 5098.309 | .302 G ooN I 
5006 .972, a oe: ut aries 000 f ; ue 5098.480 | .492 C oooN ° 
FOS SY Eh eo aie aga ce al Rite acer f ° \ 5098. 885 Fe ae | one bf 
068.800 ° 5099 .947 O57 Wiae reeroe 000 I 
; 9.099f| 944 oe 5 Le - Rigor) Gw || sCOW |lousone de 00 fo) 
5069.542 | .592 ah oood fe) iaeninoyls || sage ll (Onis We Creles fo) 
ROTOeTOR || ALTOS) | tease. fete) fo) 5101 .652 OS Gite ce cevae 000 ° 
BOP ERO S401 000 ls esee a. oooN I LOZ 5 O00 (m5 OOmer ee 000 o lw 
072.02 I 5103-310 || «207 0000 ° 
= es 257 | Fe,C | 3 he dé 5103.894 | .909 G 000 I 
5072. 849 Fe 2 meeoelolest 5104.089 | .083 S 0000 ° 
RO7ae 2350 lone ee OEM [comoniant ° intoisnewar || site) oo ot daae 0000 ° 
5073-630 | .637 At 00 Te) (aw, 5105.571\ 718 he A { o \ de 
5074.714 - joer {POU ae .825) of 
5.096 “93 Eon 5100.52 556 C 0000 ° 
5075.509 | .480 Ce (ole) 2 Z eae 173 é 000 I \ 
° r 107.495\| .619 e 4 ° 
ee} -450 | Fe, Ce | 3 { 2 \ es : es, .823 Fe 4 of dr 
OW OQO! [Is 9-11 « Cony aaa oats ° 5108.066 | .056 (e 000 I 


ee ee ee SSS SS ee 
* Solar line double. 


8 WALTER S. ADAMS AND CORA G. BURWELL 
TABLE I—Continued 
ROWLAND @ ROWLAND g 
OBSERVED Cur. ¢ OBSERVED Carles 
r ; Int. A Int. a 
A Element | Intensity a A Element | Intensity ro] 
5109.277 | .201 C oood ? I {.752 C=) Gigooo || 
5109. 827 Fe 2 Ns, SIS See bf 5135-835 |. 880 CR 000 Jf pied! 
5110.182 | .188 C 0000 ° SEZOe AT IN| 2443 el aera 000 ° 
5110. 574 Fe yl ON a bf 5136.614 | .625 (e 0000 I 
5110.921 | .938 | Cr-C | 00 ° 5130.851 | .835 GC 0000 ° 
BILLAZO | 24.20) | Waele «= 0000 ° 5LZ04G855| OOO aeeeee ae 000 I 
5111.806 | .802 C 000 I 5137. 22504|) Nin Cra. 200s Glace bf E 
Qin Aver, Alize | |eagcc aos 000 4 513775 Ole os C,— | coo I 
5113.244 240 | Cr-C | 0 ° a 5138.260 | .279 C ©0000 ° 
5113.596 | .617 Ti ° ° 5138.496 | .518 Vv 0000 ° 
§114.402 | .431 Cc oooNd I 5138.645 | .690 G 0000 ° 
ee AREY ers Le atrad |ersci ant: , 2 \ 5139. -427 Fe 4 ou bf 
SIRS 25 Lee | NG |e ° PEE) 6 o | 
sali Lo wihee Rilke wl) tac la 
5116.014 | .045 ic 0000 ° 5140.092 | .094 C 0000 ° 
5116.837 | .849 | C,Sc | o000 I 5140.566 | .553 Ce 0000 ° 
Sa17,2050) || O71 c 000 ° 5141.389 | .386 C= || cco 2 
5117.331 | -334 e 0000 fo) 5141.775\ I 
5118.278 | .241 C 000 I 22052) A ze 3 { I \ dr 
5119. 296 292 Cie Fikoo I 52425 23S al a2:7 Om eee 0000 ° 
ron S40N 555 C 000 ° 5rA2. .693 Fe Ade? ||Saaee bf 
519.815 eee 2 0000 ° 5142.966 | .958 Ni 2 I 
516 ; OCON ME | career 5143. III Fe Bn ob Sl eee bf 
$120.556 |) cop Ti ° 2 5143.499 | .511 C 000 ° 
5120.833 | .802 (e 000 fo) 5143.748 | .764 (e 000 ° 
SUA SHO |! 4 Wek) |bonooge 0000 ° 5144.214 2030 leet 0000 ° 
5122.459 | .481 C 0000 ° 5144.742 | .758 s- | C00 ° 
Gi 22ESOUNI NOLS C 0000 ° 5144.852 | .847 | Cr,C | 00 fo) 
5122.962 | .9g68 | Co-C | ooo ° 5145.094 | .098 0000 I 
Gi23e Tose L/S La 000 2 5145.386 | .403 (C 0000 ° 
5123.364 | .390 We ° F 2 ; 5145.652 | .636 | Ti-C | o ° 
§123.751\) Fe ° 5146.304 291 C= | oo 4 
4.002 99 3 om dr 51460.656 | .659 Ni- | 3 ° 
5124.209 | .219 Cc 000 fo) 5146.941 | .945 | Co-C |} oood? I 
5124.901 | .939 C 0000 ° 5147.84 | .871 Ci icoo 1 
este Be Fue Come |e ar res ; ° 1 5147.983 Fe C.— | coo I 
5126.212\| Fe-Co fo) 222 He 2..= | ieee bf 
.s20f| “3/7 +4 Lod dr 5248: \.410 Fe go 7 | a 
IU essa Be Tin ig ° | ae 514022008 | see C2 COmn  e e I 
.69 ; © ff BES O34 On| ats OGull eee (ele) ° 
5129.165\| .336 Ti? 3 or i dr E || 5259-844 | .842 Cc 0000 2 |w 
.701f}| .546 Ni 2 in iff isis. 020 Fe AN ES Glee bf 
Sue OR || a 7S Ros 000 5 RDS EROS 7 628 6 ooooN ° 
Se G70) | ogy 0000 2 5ISL. 
Gi .SED || s26 || Ka iNkel |] cers) I Be oy iS 3 { : \ dr 
5132.857 | .843 Cc fore) 2 50536635 | 9337 ce 0000 I 
5133-655| 870 Fe liz { a AWer 5153-442 | .414 | Fe-C | 1 ° 
4.008 f mf 5154.171\ : rom 
5134.506 | .505 C 0000 ) 346f| “244 eae ors drE 
5134.862 | .849 C 0000 ° S545 52m e570 C 000 2a Hey, 
Gin cui || ets Wf 0000 ° 5155.050 | .028 Cc 0000 ° 
* Blend. 


204 
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TABLE I—Continued 


ROWLAND 4 RowLanpD y 
OBSERVED Cr. < OBSERVED Cur. a 
x Int, q r InT A 
A Element | Intensity , [a4 A Element | Intensity Fe 
5155-701 | .694 wa: 000 I ee -958 Nd 000 2 
5155-945 | .935 1 2 ° 5180.066 ° | 
§156.518 | .530 Co 000 fe) .388f| 733 He : { o fos 
5156.728 | .728 CG 0000 I ETGON AO Nee A'7 alleen 000 ° 
RIBEG O27 ace. | Wa tae eae Eons I Rims Gir |, BAM a soo coo 000 ° 
Br57-279 | -783 . 000 I Gin GAL || FOU Visa 560 bec 0000 ; ° 
5157-944 | .gI5 000 I 5183 .604) 6 
5158. ay: Ni GO. y mel eee. bf 935 s19% Mg |30 Us dr 
5158.702 | .701% c 000 2 5184.356|| .445 Fe 2 °o | d 
5159.072 | .026 | Co-C | ooooN I 1718 )\i\ 739) |) Ee sNI lea es fia 
5159.627 | .634 c 000 I 5185.962 : ° 
BPSOrOS 761 O40. |e ic sis as 0000 I 6.218 6.073 Ti - ° dr E 
5160.730 | .419 Ci | ooN I 5187.624 | .620 Ce 000 ; 2 
5160.569 | .554 Cc 0000 ° 5188.753 : 2 
5161.199 | .194 Cc 000 I 903 f -863 Ti o ier drE 
BLOE: 362 | 253 c 000 I NOON 72 Ol e741 Aa aero 000 f ° 
5161.907 | .gI0 Le 000 I 5191 .537 i | 
§162.161 | .153 CP? | cooo ° .761f sOz07) Re Ceres le Jf dr 
5162. e440; 1) Bes@a 5 Gia dee, bf 5192.160 | .155 Cr fete) I 
5162.716 | .690 ‘<s 0000 I 5192.784 | .785 Nd 000 ; 2 
5163.064 | .074 Ti, C | o00 ° 5193.025 : ° 
5163.573 | .585 - | 000 ° Peace: meal ae 
5163. 769 756 | C,La | o00 ° 5193.657 | .669 Cr 000 ° 
5164.004 | .007 0000 ° GiKeyhacolnes || SCP \\nacdio outa 0000 ° 1 
5164.163 | .172 Cc 0000 ° 5190.120 { I 
5164.305 | .404 C— | 600 I .340 ene Fe 2 o f ce 
OAS COA 502 |r. ets ce oe 0000 ° 5196.630 | .613 Cr ° ° 
ee 950 e 0000 ° eS STAB | ieactence acts 2 9 1 
5105.201 209 000 2 5190.709 { ° 
5165.290 297 C 0000 I 9.002 -688 Fe 3 of dr 
5165.436 416 ie 0000 ; ° 1 5200.320 | .355 Cr (ele) ° 
5166.320 ° 5200.577 | .590 | V,Y ° 3 
578f| “454 Die ie oul es 5201.259 | .260 Ti 000 Lies 
5167.364\|| .497 Mg [15 2 ae 5202.314\| .439 Fer | 2 TM ay 
780f| .678 Fe 5 ie if 626f| .516 Fe 4 I 
5169. .069 Fe cere A eos bf 5 203.126 iGgey | eseroree OA 0000 o7 
5169.149 5 \ 5204.564\| .680 Cr & t\ 
328f| -220 Fe 4 { 83 f dr E Bas {| .768 Fe 5 a dr 
5170.970 | .937 Fe ° ° 5205 .887 897 We ° Sanat 
5171.659 8 F re icon de 5206. mis || (Ceti | ° 
‘g25f| °77 c Lo { 5206.739 | .712 Vv 000 F ° 
5172.706\| { 5 5207.650\ og 
$:004/ .856 Mg 20 4 dr 5 2y ST OE Werner oooN lo r 
E73. 702 ° 5208.02 { I 
4.056 917 Ae 2 { , dr a jist a (ele) ° | dr 
5175.528 Jo 5208.483\| .596 r 5 all Ae 
.650f 575: aiductecepee vs 000 1 ° f dr 933 776 Fe 2 fo if 
R170 3301 |, «305 Co 000 ° 1 ee . 204 Co 0000 I 1 
5176.475\ { ° §210.433 Ti { Sales 
-930/| -735| Nt |? eae poe : of 
Bis APRE Nis oo eed Mb ono oun lpsogoeaats ° 5211.000 Chitin eogbnoe 000 ° 
5178.682 | .644 Vv 000 ° 52ULOGOM IE OO Fe fore) ° 
ents ll ee La Bt aT a oe hn at le eel oh 
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TABLE I—Continued 


ROWLAND 
OBSERVED 
Xr 


oN Element | Intensity 


5212.497 | .503 | Ti, Nd | cooo 
5212.854 | .850 Co oooNd ? 


ROT saUGOu lm alS Sais .1eleroeicle 0000 

5214.292 | .286 Cr 00 

5215 -353 BER U3 

5216 .437 Fe B 

5247. ee = Rew 3 

5218.328 | .360 Fe I 

5219. 201 re Stato 0000 \ 
S2foilllsnnee se 000 

5220. 289 1.388f Ni 3 f 

GOP ORS || OVI: |lnowncane 000 

5221 .928 Cr ° 

5222 556 Cr fore) 


f.10x Cr fo) \ 

5225-154 198 | Cr, Ti, | 00 if 
eet 695 He 2 
5226.610 

785} 707 Ti 2 
5227 .362 Fe 5d? 
5228.258 | .268 Cr 000 
5228.405 

-702f SYMONE ors oes I 
5230. .030 Fe 4 
5230.195 

vey 382 | Co, Cr | 00 
Gai adh |) elie We asd are 0000 
5232.676 OSD tee erte ie 000 
5233 .122 Fe i 
AVL OIG: || ONS o p.cloe 0000 
5234.374 | .380 | V, Nd | o00 
5 234.788 QL leva arteeees 2 


2A On03/7iil hOB Onl ascent. 000 
5241.028 | .o40 V 000 
5241 ae Sab aue COMME Peccnece 
5242.517 

B04 f 658 ie 2 
5243.514 | .526 Gi (ote) 
5243. .946 Fe I 
5245 .095 TT Oy illo eerie 0000 


SS 


—— 


dr E 


dr 


OBSERVED 
a 


5246. 
5240. 
5247. 
5247. 
5249. 
5250. 
5250. 


5250. 


5252. 
5253- 
5254. 
5255- 


5255 
5255. 
5257. 
5257. 
5259. 
5260. 
5260. 


674 


996 
104 
760 
goo 
113 
438\ 


673) 


5261. 


el 


-979 


5262. 
5262. 
5263. 
52604. 
5264. 


293 


055 
195 


.527f 


5264. 
5265. 
5265. 

6 
52606. 
52606. 


5267. 


.568f 


5268. 
5268. 
5268. 


834) 


5269. 
5209. 


838 


5270. 


oH 


974 
oR 


570\ 


.OIrf 


459 
622\ 


284 


515 
665 


713 


LI5 
602 


293 


.664f 


Rove 
5272). 


206 


206 
198 


ROWLAND 


Element | Intensity 
Pees tat 0000 
Rea ae 000 
Ti 000 
(@e 2 
Nd 0000 
Co 0000 
Fe 2 
Fe 3 
Copa esis, seers 
Fe 2 
Co 0000 
Fe 3 
Cr ° 
Nd 0000 
Ti 0000 
SE 00 
Co ° 
Ce 0000 
Ti 000 
Ca ° 
Ca-Cr | 3 
Ti I 
Ca 2 
Fe 4 
Fe ° 
Cr 4 
Ca 3 
ee ar ae ° 
(Cr (ele) 
Ca 3 
Ni-Cr | 2 
Co 000 
Fe 6 
Ree aoe (ele) 
Ni ° 
eee Fa 000 
Co (ele) 
oe a 000 
Fe 8d? 
Ca B 
Fe 4 
Sie Apa fete) 
Cr (ele) 


— 


—S——S 
Se 


Se 


SS 


Tn 


a 


owas 


bf 


dr 
dr 


bf 


dr 


dr 


SSS 


COO0OOHNOHHOODODOVOVOOHOOOF OOO 


dr 
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TABLE I—Continued 
ROWLAND | ROWLAND y 
OBSERVED Cur a OBSERVED Cur. 2 
Xr ‘ Int? a A ; Int. a 
a Element | Intensity 4 A Element | Intensity [74 
5273.200|| .339 Fe 3 ® | d 5313.042 | .031 Cr ° fo) 

.638f| .558 | Fe-Cr | 2 ali lies SSE om OON (a7 5 O5 | Gere I ; i ‘ 
5274.407 | .408 Ce 00 3 5316. 735 8 
Roge.t4ar | .x48 |....-00 ° ° oe 00) aE a es lesa er 
5275-340 | .340 Cr fore) I 5316.965 | .958 Co- | 2 6 
R275. BAAN | Mra ce, Ea nen bf 5318.537 | .534 Sc ooN I 
5276.149 | .169 Beir, es ae) 5318.975 | -955 | Cr, Fe | o fe) 
5276.384 | .344 Co 000 ° FEO! wOH leo oo00 000 ° | a 
5277.040 | .047 Nd [exere) i MEO) SREY [Io o.oo... 000 © ff 
B28a054 } .048 |... 26. fo) ° 5320.005 |9.999 Nd fore) 3 
eGo. 250. | 2230 We. css, fete) ° 5320. 220 Fe Ooh Salter bf 
5280.803 | .799 Co 00 2 5321. 293 Fe Qe) A Eioee bf 
Ber 30 Mere Mes Se oe oooN j ° 1 53225004) NAOO4 ulna 000 2 
5281.858 fo) 5325-408 | .460 Co 00 I 

2.12tf| °977 Fe S Now| dr SeeG GLI || 39%) Ilocos onc 2 3 
ed Be Fe 6 { : \ rh ies .139 Co oooN ; ° 1 
Bao AOS TC OST ae. sc ot I 6 367 43° “e oa le ff dr 
5287.349 | .351 Cr 000 ° 5328. 722 Fe 4a ee bf 
5287.713 | .741 Co ooooN ° 5330.744 | .748 Ce 000 2 
5287.958 | .958 Co 000 ° SoA) esxacy || (CO, 1X5 | a °o | ab 
5288.554\ F now d 3.222f| .089 Fe 4 Ons 

805 f *705 : z Lees ! 5333-849 | .832 Co 000 I 
5289.976 | .988 Ne 000 fo) 5334-391 | -403 Se 000 ° 
5291 .006 |0.984 La fere\e) ° 5335 .033 050 Co I I 
2028305 85388. |)... c< ts oooN ° 5330.361 | .356 Co 000 fo) 
5292.803 | .762 Fe fo) fo) 5330.698 | .660 Nd 0000 fo) 
BeOSEOTT 1.044 | on es fefere) ° 5330.922 | .974 Ti- | 4 3 wE 
5293-334 | .341 Nd fore) 2 SOO ELate \laouce c Com ll sees ° 
BeOS IS SOM nGAZ Lhe eaves « 000 ° 5337-807 gio Ce ° 2 
5296. .872 Cr ae ee bf 5339.708 | .719 Co 000 ° 
5297-399 | .407 | Cr, Ti | cco fe) 5340. Bis ye OY i eae bf 

208. ° 5340.651 | .639 r ) ) 

i” A “455 Cr 4 { ° \ dr 5341. 213 Fe ae WE) eee bf 

5300.150 | .152 Ae fore) ; ° . 5341.490 OM a fore) I g 
00. 78 ° 5341. .670 1 GOO) haere 

* pee} chet cr i 8 of dr 5342.892 | .890 Co I 3 

OSTA Gil. sete c. Sc caw ie cree 2 w 5343-552 | -570 Co fo) a 

5302. .480 Fe Ci ets tery ae bf 5343. 622 Fe ame Me n.c 5 bf 

B28 £081) 820: frre c sae = 000 ° 5344.770 | .767 Co oooN fo) 

5303 .364 | .401 Ce ° ° 5345- -9QI Cr (r cien WMS ood bf 

5303.718 | .738 La 000 2 5347 .687 712 Co fete) fo) 
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TABLE I—Continued 
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TABLE I—Continued 
ROWLAND x ROWLAND M4 
OBSERVED Cur. 3 OBSERVED Curr. 3 
PN Int A Int. 
PN Element | Intensity 4 pS) A Element | Intensity fz) 
6034.416 | .440 Nd 0000 ° 6162. .390 Caz |TSa) eee eee bf 
6042.155 fro E || 616s. BST Fe fee Ga No bf 
447 S355 Fe 3 ieee dr 6166. 521| Gra Cs 5 { @ | ae 
OOASRESO ule oo: Ce« *5| Raxretrs. I 6790) lee @) J 
6049.327 | .337 Co oooN Ee ew 6169. 249 Ca 6-3 ae bf 
6056.178 229 Fe . io \ af 6169. 778 Ca Wh 3 =e See bf 
-364) Lo 6173-426\) .. Fe |i [ona 
GOGO S60}. S53- | ce anes 0000 ° .687f} “593 © jf 
6065 .557 i ier 6180. 420 Fe gS ily ee bf 
852f| ©7299 Ee 7 Nee i dr 6188.080\) 4 Fe { Onl de 
GO7ZEcALO ul ATO! co ek ooooN ° 33 0) a mf 
6081.655 | .665 Vv ° ° 61Q1. 393 Ni 6 eae bf 
6082.628 | .640 Co oooNd? | o 6191.612 ° 
6082. -930 Fe re PU eee bf .930 neo) Fe 9 © jj dr 
BoOSaeszOn 6g25 lanceos ° 2 6199.392 | .398 Vv ° ; I , 
6085. Ags) LY, Beg ieoe see Hicratyer bf 6200.370 I 
6086.874 | .885 Co ooooN I |w .680f| °927 oe 6 eae if dr 
6090.406 | .429 | Ti, V | 2 ° 6204. 825 Mi to) pacer bf 
6ogr . 231 Ti irom d 6210.869 | .895 c ooN o- 
Oe eae Sali, Ue] SNN62ts 407 leita aitg { Teg 
HOO 2 EEPAN| Ue L3S-s|e on ance I ° senaalfl) SA 
000858048) 1-870 asses cn fore) I 6215. 241 { ° 
6102.780 ier .489f ee Bh 5 ° a 
.037 Ca 9 dr 
Beros ez 6219.378 on Fe 6 ii x de 
6 f .400 Fe 4 _ bf .660f} ° La ff 
ie Vesra Fe I ae bf E || 6229.340 re Fe { ON Nae 
6108.164 4 Ni 6 fies a .530f| ° 3 o f 
500f| °93 Lo = ee .943 | V-Fe | 8 i bf 
6111. 290 Ni Zeon ) |aaceee 232.639 veal tee 
6111.864 | .872 Vv od? I 3.040f -856 Fe 3 ies | zs 
(anes Gre | alsetois lee cece e ° I 6237. Bley he eee gy reas bf 
6119.736 740 Vv I ° 6238.592 | .598 Fe 2 B | is 
6119.956 | .970 Ni ° 1 | 6239.611 | .585 Sc fore) O° 
6122. 434 Cam TO. mameml teres: bf 6240.737 863 Fe j {Was 
6125.054\) 126 Ni s Sov ar .988f| ° iene 
.403f| °79 IL @ If OMG Ae) || 6BEr jlooosces: I ° 
6135.562 | .580 V ooN I 6245.802 | .832 Sc- | 1 ° 
oe eet] -829| Feo | 8 { : \ deg Vict ceo asses Fea cs { TV ar 
6137. O15 Fe 7 an bf See 774 Fe 2 ; 2 |E 
6141. 816 2 252.05 zW dr 
2.065 .938 | Fe, Ba | 7 eee dr ‘gor SH ke 7 Low 
6146.422 | .445 Abi 000 ° 6256. 2 SQA) OTE Oo sae bf 
6147.932 | .950 Fe 2 2 E 6265.19 Osan 
6149.457 | .458 | Fe, Nd | 2 2 |wE 494 -348 Fe 5 ° 
6150.338 | .360 Vv oNd? ° 6270.259 ae Fe i ° \l ar 
Gig enye || sole: SY: 0000 I .608f| * ° 
6151. .834 Fe 4 i; ; 4 bf oe raee ee COs Files a suecetenans i 
6154.315\ ° DTA SOAG ill apeaesetepel|ledoe reece seen Meee ° 
.540f £52 Dis igo dr 6280.679 B45 Fe aa °"°V ar 
6157. 945 Fe eee tities bf EOTTAl I 
6160. .956 Na 5 hates bf 6287.023 | .009 V oo00N ° 


213 


18 WALTER S. ADAMS AND CORA G. BURWELL 
TABLE I—Continued 
ROWLAND E ROWLAND ri 
OBSERVED Cur. < OBSERVED Cur. 3 
r A Int. a rN Int. 
A Element | Intensity eZ A Element | Intensity Pe) 
6291 .022 °o \ Of0772220 se eae Her aier 3 |E 
P BuO 4 Fe 4 eee dr 6420. . 169 Fe 4 a | eee bf 
208. 007 Fe ELEN de Tal rec bf 6421.402\ { ° | 
6301. 560 718 Fe 7 ° \ ae 753 57° Fe 7 ) If dr 
eaalil & ° 6430.870 io \ 
6 é 1.006 Fe 5 dr 
302.560 709 Fe io de I. 251f lo 
é ses 5 i op if 6432.870 | .895 Reraner 6 
self me te eile feeea | 8 Re 

834) Cute erucallt : eam ice o Mae 
6314. .876 Ni TS TT ew coe bf 50.253 f|>° 033 o f 
6315.805| ras. Fe o\ Ep 6455.218 | .230 Co oN I 

6.241f|- o f 6455 .602| 8 C om) de 
6318. . 230 Fe LI) Male |r bi 6s043i| mina” se : lo ff 
6322.713\) oon Paro oa. 6456.597 | .603 Fe | 3 5 

3.091f los 6462. 784 Ca cee pallies bf 
63 24. eo MA Wal eee eb All i ee ae ° 6469. AOS tease ee yO Beaks bf 
327.015 F ° 6471.677| 

8 o34/| 820] Ni | 2 ie i dr ORS. .885 Cae anrG { Z \ dr 
6330.126 foo 6475. 846.4] hers eee 25 0 GI ee bf ? 

S| Bite Cr I dr : 

.489 Le 6491.810 | .800 An I o | E 
6331. .067 Fe Didi EO Ie ae bf 6493 .805 Cc 5 og 
6335-409 $84 Fe 6 zo ae 4.232 |* oO4 & ° 

.689 te 6496.978 8 F 2 { P| 
6336-2411, os] re [7 ova |, zu) “ [4 flag 

7-341) AG a | 6493 .995 | fo ( a 
ee QT eka 2N 2 9.371) 1/9 268 Fe : om ' 
355-045\| fo 6499 .676| ° 
, ee te ae 2 eo ff dr 6500.096 SD Ca 4 { ° o 
358.722\) 308 { ol 6516.310 | .311 Fe 2 E 

9.045 9 Fe 6 o f dr 6527.108 ip : ) 
6362.579 560 Uh : ns “66 f| 444 [ees ee 3 I cour dr 
302.9301 : : 

Sea [ corel: Sy a [63 of mele ela 
6364.455 ) . 

Cea mere Fe |1 ie \ dr coe e470, 1 at ° \ - j dr 
6369.663 | .683 Fe ° 4 OS55HOS 7M OCOn| eee: ooooN ° 
6371.592 | 573 Fe INd? 2 OS 55ti7LOM a OOM | pera IN ° 
6378. .468 Ni Pye pile bf 6559.650 ° | 
ee 958 Fe ; { o\ Ai “949 so) Ch Pec: occtécate ° . dr 

I.I40f] ° o f 6562.2 
OE || tei Ano ne 0000 ° : 368 O45 H 40 = dr 
6383.916 | .932 Fe oN I wE .9O2 Io 
6390.706 | .715 La 000 I 6569. .460 Fe 5 Boino. ele 
6393. 820 Fe Oke. te) SER bf 6586.547 | .550 Ni I oO 
6395-390 | .378 Co ooNd? ° 6599 .320 | .353 a0 fete) ° 
es 3 oa 587 Co 0000 ° 
411.637 ° 

A 865 Fe , { = \ dr 


214 


THE FLASH SPECTRUM WITHOUT AN ECLIPSE 19 


sun’s visible edge, it seems certain that the results of these observa- 
tions relate to a very low level in the reversing layer. We are, 
therefore, quite unable to agree with Mitchell in his conclusion 
that the spectra taken wfthout an eclipse are at a higher level than 
the eclipse photographs. In fact the arguments which he adduces, 
namely, the absence from the Mount Wilson negatives of some 
strong Fraunhofer lines, which are prominent as bright lines on the 
eclipse negatives, and, similarly, the strength as bright lines of certain 
faint Fraunhofer lines point to precisely the opposite conclusion 
and can be explained only on the basis of a lower level for the 
photographs taken without an eclipse. 


COMPARISON WITH ECLIPSE RESULTS 


In the course of the discussion of his admirable eclipse results 
Mitchell institutes a comparison with the values published by 
Hale and Adams in their preliminary account of the Mount Wilson 
observations. From this comparison Mitchell concludes: 

1. The eclipse spectrum negatives show twice as many lines 
as the 60-foot tower telescope photographs. 

2. The eclipse spectrum wave-lengths are quite as accurate as 
those obtained from the tower telescope photographs. 

It is difficult to understand the basis for the first of these con- 
clusions unless Mitchell has employed for comparison purposes 
the violet part of the spectrum in which the visual objective of the 
tower telescope performs to poor advantage. Certainly in the 
visual region no such conclusion is tenable on the evidence either 
of the short region between A 5111 and A 51098 previously published, 
or of the present more complete results. A comparison for the 
entire region between \ 4800 and A 5880 shows the following num- 
ber of bright lines, the double reversals being counted as single lines: 


Mitchell Mount 
Eclipse Wilson 
Bright lines (measured)........... gol 804 
Dark lines with bright fringes (not 
WMMCASUTE” ices ee ete ae rete laine tiers es 133 
WROtal y) sveea ec Pateveciare oe rave cumtonst sts gol 1027 
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The effect of the difference of level in the reversing layer for 
the two sets of photographs is seen clearly in these results. Nearly 
all of the lines with bright fringes on the Mount Wilson photo- 
graphs appear on Mitchell’s negatives as strong bright lines, and 
the same is true of a large proportion of the Mount Wilson double 
reversals. A considerable number of strong lines on the eclipse 
plates do not appear at all as bright lines on the tower telescope 
plates. This is due evidently to the low level at which the latter 
were taken. On the other hand, the tower telescope photographs 
show between one and two hundred lines not seen on the eclipse 
photographs, essentially all of which are very faint Fraunhofer 
lines and belong to a low level in the reversing layer. The two 
series of photographs, accordingly, may be said to represent the 
spectrum of two sections of the reversing layer at different eleva- 
tions, to the higher of which the eclipse results belong. 

The statement by Mitchell that the degree of accuracy attained 
for the eclipse and the tower telescope results is about the same is 
by no means borne out by a detailed comparison. For this purpose 
we have selected only the single lines common to both sets of 
measures, omitting all blends and double reversals. A com- 
parison of all of the lines of this character between A 4800 and 
d 5300 gives for the average deviation from Rowland’s wave- 
lengths the following values: 


Eclipse Results Mount Wilson Results 
0.029 A o.o1r A 


For the entire region between \ 4800 and A 5880 the results are 


Eclipse Results Mount Wilson Results 
0.030 A 0.012 A 


It appears, therefore, that the average deviation from Row- 
land’s wave-lengths of the eclipse spectrum lines is about two and 
one-half times as great as that of the lines from the tower telescope 
photographs. The well-known very high degree of precision in 
the relative wave-lengths of Rowland’s table necessitates ascribing 
essentially all of these differences to errors in the determination 
of the bright-line wave-lengths. 


216 


THE FLASH SPECTRUM WITHOUT AN ECLIPSE 21 


DISCUSSION OF THE RESULTS 


In general the results obtained for the chromospheric spectrum 
agree with eclipse results as regards the elements represented by 
the largest proportion of bright lines. They differ widely, however, 
in the matter of the relative intensity of the bright lines as compared 
with the dark lines of the solar spectrum. With the exception of 
the hydrogen, magnesium, and sodium lines, and enhanced lines 
in general, only very few strong dark lines of the solar spectrum 
are represented by strong bright lines in the chromospheric spec- 
trum taken without an eclipse. Such lines usually remain dark 
with a faint bright fringe on either edge. As already stated, this 
is almost certainly due to the low level of the point under observa- 
tion. The stronger lines of the solar spectrum are accompanied 
by wings, similar in character to those of the H and K lines of 
calcium, though very much less in extent and intensity, which are 
due to the dense vapor at the base of the sun’s reversing layer. 
In observations at the sun’s edge these wings appear as faint emis- 
sion lines, while the central portion of the line, due mainly to gas 
at a higher level, still remains dark. The phenomenon is in fact 
just the same as in the case of the well-known double reversals 
of the calcium and hydrogen lines at the sun’s limb. 

It seems probable that double reversal is a universal character- 
istic of all lines in the chromospheric spectrum at a low level, and 
that failure to observe it in any particular case is due to the faintness 
of the lines or insufficient resolving power of the spectroscope. 
Mitchell observed the effect for a few of the stronger lines, even 
at the level of his eclipse spectra, and several hundred examples 
are shown in these tables. In most cases the intensities of the 
two bright components are equal, and when unequal there seems 
to be no especial preponderance either of the violet or the red 
component. 

The great number of very faint dark lines of the solar spectrum, 
which are represented by bright lines in the chromosphere, is in 
excellent accord with St. John’s conclusions that such lines are 
produced at a low level in the solar atmosphere. A large number | 
of these lines in the region \ 5050-A 5165 may be ascribed to the 


green carbon fluting. Many others have been identified with 
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reasonable certainty with lines of cobalt, scandium, titanium, 
vanadium, and the heavy elements, all of which are very strongly 
represented in the chromospheric spectrum. It seems probable 
that a portion of the unidentified lines may be due to the fainter 
enhanced lines of elements which have as yet been but very imper- 
fectly investigated in this portion of the spectrum. 

Some special lines —The two hydrogen lines which appear in 
this region are H, and Hg. Both are strong double reversals in 
the chromosphere with the components of nearly equal intensity. 
A peculiar feature is the apparent doubling of the red component 
of H,. This is without doubt due to the presence of the strong 
atmospheric line at \ 6563.763 (the photographs were taken at 
low sun) which falls upon the center of the bright component and 
so gives the appearance of a double line. 

Of the three helium lines, those at \ 4922 and A 5048 probably 
are present, but the first so nearly coincides with a strong La line 
that it cannot be distinguished with certainty. The D, line is the 
strongest bright line on our photographs, and the scale of the plates 
is sufficient to make the measurement of its two components 
possible. The separation found, 0.336 A, agrees closely with the 
laboratory results. 

The D lines of sodium and the b lines of magnesium are very 
similar in their behavior, being broad double reversals with com- 
ponents of moderate intensity. 

A peculiar feature of the results is the remarkable number of 
faint cobalt lines represented in the chromosphere. In this respect 
cobalt is to be classed rather with titanium and vanadium than 
with nickel, iron, and manganese. 

The enhanced lines——It appears from these results that the 
enhanced lines are of an exceptionally great intensity at a moderate 
level in the solar atmosphere, just as eclipse observations have 
shown them to be at a higher level. Upon our photographs they 
nearly always appear as double reversals, but the separation of 
the components is considerably less than in the case of arc lines 
which are doubly reversed. In discussing possible explanations 
of the prominence of enhanced lines in the flash spectrum Mitchell 
has referred to the suggestion made by Gale and Adams that it 
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may be due to the reduction of pressure in the upper portions of 
the solar atmosphere, laboratory observations having shown that 
in the case of several elements reduced pressure brings out the 
enhanced lines more strongly. A second suggestion made by the 
same writers may also be considered in this connection. It was 
found that in the spectrum of a spark under moderate pressures 
comparable with those at the base of the reversing layer the 
enhanced lines remained bright when the other lines became dark. 
It would appear probable, therefore, that in the solar spectrum 
the enhanced lines would be represented by dark lines relatively 
less intense than would the arc lines. The relative gain in intensity 
of the enhanced lines when appearing as bright lines in the chromo- 
sphere would, accordingly, be due to two causes: first, the actual 
increase in relative intensity of the enhanced lines due to reduction 
of pressure; second, the relative weakness of the dark lines in the 
solar spectrum with which the comparison is made. 

Elements of high atomic weight—The extraordinary prominence 
of the lines of certain elements of comparatively high atomic 
weight in the flash spectrum is a well-known feature of eclipse 
results. Without following Mitchell in his identification of a 
larger number of lines with those due to praesodymium, samarium, 
and erbium, we are certainly justified in concluding this behavior 
in the chromosphere on the part of yttrium, lanthanum, cerium, 
and probably neodymium. 

According to the conclusions of St. John and others, elements 
of high atomic weight lie at low level in the solar atmosphere. 
Mitchell concludes from his measurement of the lengths of the arcs 
of the flash spectrum lines of the rare earths that these do not occur 
in shallow layers, but rather the reverse. It is, of course, evident 
that the two sets of results cannot be compared directly if Mitchell 
is to include among his rare earths scandium, with an atomic weight 
of 44, and omit barium with an atomic weight of 137. The evi- 
dence afforded by the results given here appears to be distinctly 
in favor of St. John’s conclusions. The relative intensities of the 
bright lines of the heavy elements become greater as we pass from 
eclipse spectra to the lower level of the observations without an 
eclipse. Thus if we compare a lanthanum line of solar intensity 1 
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with an iron line of intensity 1, we find a certain ratio of intensity 
for the two bright lines in eclipse spectra. In the spectra taken 
without an eclipse the lanthanum bright line is relatively stronger 
than in the eclipse spectra. This can hardly be interpreted in any 
other way than that the radiation of the heavy elements becomes 
relatively stronger at low levels. The case appears to us analogous 
to that of the carbon fluting, the individual bright lines of which 
show the more strongly the nearer the observations are made to 
the sun’s visible edge. 

It seems very probable that, as St. John has stated in his dis- 
cussion of Mitchell’s eclipse results, the explanation of the longer 
arcs found by Mitchell for the rare earths is to be found in the 
greater intensities of these lines. The average intensity given by 
Mitchell for the bright lines of the Fe group is 1.07; for those of 
the rare earths 3.10. There can be little doubt that a bright arc 
three times as strong as another would on the photographic plate 
have a considerably greater length. The case is entirely similar 
to that seen in the laboratory when a photograph is taken of the 
spectrum of a metallic arc. The strongest lines are the longest 
even when the lines compared are produced in just the same part 
of the arc. 

Chromospheric wave-lengths and anomalous refraction.—In our 
determinations of the wave-lengths of the bright lines in the chromo- 
sphere we have used as standards of reduction the dark lines of 
the limb spectrum which appear upon the same photographs. 
Any differences of wave-length, therefore, are with reference to 
the lines at the sun’s limb, and these, as is well known, are displaced 
slightly to the red when compared with the center of the sun. In 
the region covered by the observations this displacement amounts 
on the average to +0.008 A. Our chromospheric measures give 
for the average difference in wave-length between 512 identified 
bright lines and the corresponding dark lines at the limb —o.002 A. 
If we assume this small difference to be real, the bright lines in the 
chromosphere, therefore, will be displaced +0.006 A relative to the 
dark lines at the center of the sun.t 


‘In the results given by Hale and Adams the same method was used, and the 
wave-lengths given were referred to the lines at the sun’s limb. Apparently some 
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The ordinary absorption and emission theory of the origin of 
the solar lines would explain this result in a very simple way. 
The chromospheric bright lines are produced at nearly the same 
level and under nearly the same physical conditions as the dark 
lines at the sun’s limb; hence their wave-lengths should be closely 
the same. On the whole we should perhaps expect the level of 
the chromospheric observations to be slightly above that of observa- 
tions at the sun’s limb. If such is the case the cause which pro- 
duces the displacements of the lines at the limb relative to the 
center of the sun (which we are still inclined to consider in large 
part as pressure, in spite of Evershed’s recent work on the subject) 
would operate to a less extent on the bright lines; and we might 
expect some such small negative difference as is found between 
their wave-lengths and those of the dark lines at the limb. 

In the course of an extensive series of articles Julius has 
endeavored among other solar phenomena to account for the wave- 
lengths of the chromospheric lines and for the displacements of the 
dark lines at the sun’s limb on the basis of anomalous refraction 
and dispersion in the solar atmosphere.t’ The principal feature 
of the explanation which he adopts is the assumption that the solar 
atmosphere is honeycombed with irregular density gradients, of 
which a sufficient number show increasing density outward to 
overcome wholly or mainly the effect of the well-known regular 
radial gradient. Most solar observers would desire some evidence 
tending to indicate the existence of such gradients apart from the 
necessity of postulating them in order to support the anomalous 
refraction hypothesis, more especially as they must be essentially 
permanent in character. If they fluctuated to any considerable 


misapprehension has arisen in regard to this matter, as both Julius and Brunt (Monthly 
Notices, 73, June 1913) appear to consider the wave-lengths as referred to the center 
of the sun. No explicit statement was made because at the date the results were 
published the amount of the hypothetical anomalous dispersion effect, due to the 
regular density gradient, was supposed to be very large, amounting to one-half the 
width of the lines. The value given by Hale and Adams for chromosphere-limb 
wave-lengths was +o0.002 A; the result found here is —o.002 A. We consider 
this agreement as quite satisfactory in view of the difficulty of the measurements. 


« “On the Origin of the Chromospheric Light,” Proceedings Amsterdam Academy, 
December 23, 1909; ‘‘ Regular Consequences of Irregular Refraction in the Sun,” 
Proceedings Amsterdam Academy, October 28, 1909. 
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extent, both the displacements at the sun’s limb and the wave- 
lengths of the chromospheric bright lines should show marked 
systematic variations, and such has not been found to be the case. 
Assuming the existence of such irregular gradients, however, 
Julius accounts for the displacements of the dark lines at the limb 
as follows: 

Indeed rays coming from the limb have, as a rule, accomplished a longer 
distance through the solar gases than rays coming from the center, and, there- 
fore, were more subject to loss of intensity by the process of incurvation 
towards the photosphere. The amount of the irregular ray-curving depends 
on the absolute magnitude of Rm Am (the refracting power of the mixture of 
gases), which near the weaker lines of the solar spectrum is sensibly greater 
with red than with violet light. So the lines must chiefly widen at their red- 
facing side, in proportion as the opportunity for losing light increases. 


That is, the displacements are due to the widening of the lines 
toward the red owing to the relatively greater loss of red light 
by anomalous refraction. In this explanation the effect of the 
regular radial gradient is neglected completely, and in fact in 
another place’ Julius states expressly that it would produce dis- 
placements toward the violet. Accordingly he is obliged tacitly 
to assume that the irregular gradients are sufficient to counteract 
this effect and to give in addition the observed displacements 
toward the red. 

When he passes to the discussion of the chromospheric spectrum 
Julius again makes use of the irregular density gradients, but in 
this case he considers they will produce essentially symmetrical 
bright lines, violet and red light being refracted in nearly equal 
proportions. As already stated, Julius has not understood the 
fact that the chromospheric lines are displaced to the red rela- 
tive to those at the center of the sun by about 0.006 A, since 
his explanation is intended to account for the absence of any 
displacement. The photospheric light which is refracted to form 
the chromospheric lines is supposed to come from near and just 
beyond the sun’s visible edge. 

It seems to us very doubtful whether the results found on our 
photographs can be accounted for by this hypothesis. Bright and 


t Astrophysical Journal, 31, 427, 1910. 
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dark lines appear on the same negatives and the character of the 
path through the irregular density gradients must be nearly the 
same in the two cases. If the displacements of the dark lines at 
the sun’s limb are due to irregular density gradients which tend 
to produce a loss of light on the red side of the absorption lines and 
thus widen them toward the red, we must conclude that these 
gradients would have a marked effect upon the light which forms 
the chromospheric lines. Accordingly if the photospheric light 
which is refracted comes from beyond the sun’s limb, we should 
expect a relative loss either of red or of violet light. If the former 
the chromospheric lines should be displaced to the violet with 
regard to the dark line at the limb; if the latter it should be dis- 
placed to the red. Neither is the case to any marked degree. 
Apparently the lack of symmetry in refraction which is introduced 
by Julius to account for the dark line displacements is directly 
opposed to the chromospheric results. A resort to the regular 
radial gradient to explain the displacements of the chromospheric 
lines with reference to the lines at the center of the sun could not 
be made unless the explanation of the limb displacements were 
abandoned, since this would require displacements to the violet. 

The results of a comparison of the wave-lengths of the chromo- 
spheric lines with the corresponding dark lines at the sun’s limb are 
given in Table II. Only such lines have been included as can be 
identified with certainty, and whose wave-lengths have been 
measured directly. 


TABLE II 
Element No. Lines Chromosphere—Limb 

BGs ae there ntcette 157, —o.oo1 A 
Carew. cigar cect go —0.002 
IMP Aaee enous 87 —0.004 
SO eee estes en se 42 —o.008 
(Oiaae Noae ond seo a5 +o0.002 
Is fl Bacco nee 32 —0.001 
Vile Rteietes cena 27 —0.003 
Ca Reet ccutiatreaiaraee 16 0.000 
SGea Hesperus 13 —0.001 
A Pe ee 8 —0.004 
Lidge iene Ree ieee ale A 5 +o.006 

Meanie cco etrcrsics 512 —0.002 
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The preponderance of the negative sign in these residuals is 
rather striking, the only important exception being chromium. 
Since the average deviation for all of the lines measured amounts 
to o.o12 A, however, we do not feel justified in considering the 
slight mean residual of —0.002 A as certainly real. 

One other characteristic of the chromospheric lines should be 
considered in connection with the anomalous dispersion theory. 
This is the phenomenon of double reversal. Although Julius admits 
that a portion of this effect may be due to common reversal by 
absorption, he introduces anomalous refraction and scattering of 
the light very close to the absorption lines to increase its amount. 
Two comments may be made in this connection. First, it would 
seem hardly necessary to bring anomalous refraction into question 
if the existence of absorption has to be assumed, since laboratory 
results have shown that it is easy to produce in the spectra of lumi- 
nous gases just such reversals as are found in the chromospheric 
spectrum under conditions where only emission and absorption 
are involved. Second, it is difficult to understand why the double 
reversals should nearly always be symmetrical, although the refract- 
ing power of the solar atmosphere is greater on the red side of an 
absorption line. 

It is a peculiar fact that the advocates of the anomalous dis- 
persion hypothesis admit the existence of essentially all of the 
phenomena in the sun which are required by those who use the 
more usual explanation. Thus Julius is willing to admit the pres- 
ence of ordinary selective absorption and emission to form the 
central portions of the Fraunhofer lines; double reversal may help 
to form the double lines in the chromosphere; the Doppler effect 
is essential in the convection currents required to produce his 
hypothetical irregular gradients; the existence of pressure can 
hardly be denied in any gaseous atmosphere; and variations in 
density are the fundamental basis of anomalous refraction theory. 
Apparently variations in temperature have not as yet been admitted 
by Julius, but it is certainly impossible to explain on the anomalous 
refraction theory the presence in sun-spots of a band spectrum 
not found at allin the solar spectrum. If the reduction in tempera- 


ture is once admitted, the spectral characteristics of sun-spots 
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find not only a ready but a necessary explanation in this fact, 
as laboratory investigations have shown. Many of the solar 
applications of anomalous dispersion share this characteristic of 
being quite superfluous. * 

Some features of the absorption spectrum on the chromosphere 
photographs.—The dark lines which appear upon our chromospheric 
photographs are due to the light from just within the sun’s limb 
and represent the limb spectrum in its most extreme form. In 
general the changes in the character and intensity of the lines as 
compared with the center of the sun are those described by Hale 
and Adams in their publication on the subject’ some years ago. 
They are, however, somewhat more pronounced, a result to be 
expected because of the closer proximity of the point under observa- 
tion to the sun’s limb. In one region of the spectrum, at least, its 
characteristics deserve a few words of comment. 

Between the limits \ 5025 and \ 5150 there are some especially 
remarkable changes in the spectrum, consisting in the great intensi- 
fication of certain very faint solar lines, the great weakening of 
some strong solar lines, and the appearance of several fairly 
strong lines which apparently are not present in the solar spectrum 
at all. The changes are such as to modify the spectrum com- 
pletely and to render its comparison with the usual solar spectrum 
difficult. 

The results of some measurements in this region are given in 
Table III. 

There are some indications of the presence of a banded spectrum 
in certain portions of this region, especially near \ 5065, \ 5080, and 
5100. It is possible that this is a trace of the band spectrum of 
magnesium hydride found by Fowler to be so prominent in the 
spectrum of sun-spots. 


SUMMARY 


1. Photographs of the flash spectrum taken with the 60-foot 
tower telescope show a slightly greater number of bright lines than 
the eclipse photographs of Mitchell in the same region. 


1 Mt. Wilson Contr., No. 17; Astrophysical Journal, 25, 300, 1907. 
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2. The degree of accuracy in the determination of wave- 
lengths is between two and three times as high for the photographs 
taken without an eclipse. 

3. The level of the observations is decidedly lower in the case 
of the tower telescope results. 

4. Double reversal is probably a universal characteristic of the 
bright lines. 


TABLE III 
WAVE-LENGTHS INTENSITY 
CHARACTER AT Live 
Limb Sun Limb Sun 
OZAT 250. le uate ara Cerio meee i. ©), | eeeeeeeroee 
cea GRA Pe Ne Aa aia RAI OES WIS aR pn | ee Greet S See, Double 
SOS Suis O0 sie eae eee: 542 3 5 Double 
SOS ONTOS tare crete races II5 2 5 Blend in sun 
ely Nopeln ay oe Sa acct 436 2 000 Blend in sun 
Konic \ara audusnaeuor 885 2 000 
SOAOA2O merenieverene ter 422 I 000 
BHOAB WOO uc hanaenshare ureleaerene li tenet nares eee TP he eaten eearent Narrow 
SOAR AU Olina stort fran meee | Romer ore DNTP ehsctann gia eet Narrow 
ROA BATES Same ees eytaiewe 761 I fete) 
SOMA OT. siete oy ore thevaiete <ae| Waco gma pee WRC Secours rer 
SOLO OOS Sen Hemera are .617 I 000 Narrow 
SOS RG AS res ee teat: eee 2 ° \ Broad 
LolOb OSD Loy Metre Man ee aMtnel nce yoke in. a8 ines dihosbias duces 
SOV OAS Oe: Reign nee os ie 
x . 504 000 
5076.595 SOS OS eb es OND \ .666f 2 10000 
Botliuieudadn nie ance ons : .794 I 0000 
SODAS OA Nes da -594 I ° Broad 
olelyig We oremase eed ohare ae .668 I ° 
ROR ru A Orci are tet are nets .142 2 I 
GHIMICIAOR (eso cia camed Braloe .O13 2 000 


5. The lines of the elements of high atomic weight are relatively 
stronger on the photographs taken without an eclipse. This indi- 
cates a low level for these elements in the solar atmosphere. 

6. The average difference in wave-length between the bright 
lines of the chromospheric spectrum and the dark lines at the sun’s 
limb is —o.002 A. 

7. This close agreement in wave-length does not appear to be 
in accordance with the anomalous refraction theory of the chromo- 
sphere as developed by Julius. 


226 


THE FLASH SPECTRUM WITHOUT AN ECLIPSE 31 


8. Some remarkable differences have been found in the dark 
line spectrum at the sun’s limb as compared with the ordinary 
solar spectrum. Several new lines appear in addition to great 
changes in intensity of ceftain solar lines. There is considerable 
evidence of the presence of a band spectrum in a portion of the 
green region of the spectrum. 


Mount Witson SOLAR OBSERVATORY 
November 1914 
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LIST OF STARS WITH PROPER MOTION EXCEEDING 
o” so ANNUALLY 
By ADRIAAN VAN MAANEN 


Since the publication, by Porter? and Kobold,? of the lists of 
stars having proper motions greater than o”50 annually, and since 
the appearance of Bossert’s* catalogue of proper motions of 2641 
stars, there have been published several notes on stars of large 
proper motion. The following list (Table I), which has been 
based on all these sources, is, I hope, complete up to 1914. 

In the first column is given the current number; in the second 
and third columns the name and number inthe B.D.orC.P.D. The 
fourth column contains the magnitude. To have these as homo- 
geneous as possible it seemed best to give the magnitudes of the 
B.D. and C.P.D. For the companions of double stars, which are 
not given in these sources, the difference as given in Burnham’s 
General Catalogue is added to the magnitude of the principal stars. 
For stars not contained in any of these catalogues I have given 
the magnitudes as given by the authors of the proper motions. 
These are marked by an asterisk. 

In the fifth column is given the spectrum as determined by W. S. 
Adams (in an unpublished list, for the use of which I feel greatly 
indebted to Mr. Adams) or by Miss Cannon.4 The sixth and 
seventh columns contain a and 6 for the equinox of 1900.0; and 
the eighth and ninth columns the amount and the direction of the 
proper motion; while the tenth column gives the authority. The 
last column finally gives some remarks, regarding uncertainties in 
the proper motions, and, in the case of double stars, the number in 
Burnham’s General Catalogue. 


t Astronomical Journal, 12, 25, 1892. 

2 Der Bau des Fixsternsystems. Vieweg und Sohn, 1906. 
3 Catalogue d. mouv. propres de 2641 étoiles, 1896. 

4 Harvard Annals, 50, 1908. 
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LIST OF STARS WITH PROPER MOTION 19 


After this paper had been sent to the printer, Circular No. 19 
of the Union Observatory appeared with the list by Innes of proper 
motion stars south of -19°. The following numbers of Innes’ list 
should be included here, although for some of the stars the proper 
motion needs confirmation: 


2° 33 42 73 74 80 99 137 173 
177 22h 22H 9G. «357 B07" | 4TS 410. G87 
427 429 430 452 542% 548% 638 653 690 
744 748 


Mount WItson SoLaR OBSERVATORY 
January 25, 1915 
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Contributions from the Mt. Wilson Solar Observatory, No. 97 
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PHOTOGRAPHIC AND PHOTO-VISUAL MAGNITUDES OF 
STARS NEAR THE NORTH POLE 


By FREDERICK H. SEARES 


I. INTRODUCTION 


The results here presented summarize an extended investigation 
of the photographic and photo-visual magnitude scales made with 
the 60-inch reflector, which is soon to be published in detail as 
Vol. 3 of Papers from the Mount Wilson Solar Observatory.t 

The investigation was begun in 1910, but various difficulties 
encountered in devising satisfactory methods of observation and 
reduction had first to be overcome, and it was not until 1912 that 
preliminary results were obtained. These were photographic mag- 
nitudes for the interval 10. 5-17.5,? and, for the most part, were in 
excellent agreement with the Harvard results which, in the mean- 
time, had been published in H.C., No. 170. 

The next step was the extension of the photographic scale in the 
direction of the brighter stars. The provisional magnitudes? were 
in good agreement with independent determinations by Parkhurst? 
and Schwarzschild,’ but presented a serious divergence from the 
Harvard results, which thus far has not been satisfactorily explained. 

For the extension of the scale to the fainter stars certain long- 
exposure plates, some of them taken with diaphragms and screens, 
were next reduced. The comparison of these results with those 
previously found in the region 10-15 gave material for the deter- 
mination and discussion of systematic errors and led eventually to 
the scale finally adopted for the interval from the tenth to the 
twentieth magnitude. 

t Publications of the Carnegie Institution of Washington. 


2“ Magnitude Scale of the Polar Sequence” (read at the fourteenth meeting of 
the Astronomical and Astrophysical Society of America), Science, N.S., 37, 34, 1913. 

3 Mt. Wilson Contr., No. 70; Astrophysical Journal, 38, 241, 1913. 

4“Verkes Actinometry,” Astrophysical Journal, 36, 169, 1912. 

s “Gottingen Aktinometrie,” Astron. Mitt. d. Kgl. Sternwarte zu Gottingen, No. 
14 By p. 42, 1912. 
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Finally, the extension of the scale in the direction of the bright 
stars was thoroughly revised and strengthened by the inclusion of 
a large number of additional photographs. 

The procedure for the determination of the photo-visual scale 
has been similar, but much more direct. 

Although the methods used for the observations and reductions 
have been fully described in Mt. Wilson Contr., No. 80," it may be 
recalled that circular diaphragms and screens of wire gauze are 
generally employed for the reduced-intensity exposures; further, 
that the objects observed are grouped into (a) intermediate stars 
(magnitudes 10-18), (b) bright stars (brighter than a), (c) faint 
stars (fainter than a), for each of which the method of treatment is 
somewhat different. Finally, it has been found convenient to 
separate the observations of the intermediate stars into those of 
short and long exposure. 

The distribution of the observational data is shown by Table I. 
The procedure followed in securing the photographs is described in 
Mt. Wilson Contr., No. 70, p. 5, and No. 80, p. 16.? 


TABLE I 
SUMMARY OF PLATES USED 


PHOTOGRAPHIC SCALE PHOTO-VISUAL SCALE 
STAR GROUP 
Exposure No. Apertures* Exposur No. A 
Plates Pp Pose Plates pertures 
Intermediate— 
Short exposure.} 1" to 11™| 15 60, 32, 14, 8,/5™ and 20™ 2 60, 32, 14 
G, g, 8 
‘Long exposure.|30 to 60 14 60, 32, 14 Acme 2 60, 32 
Brightest aoe T) "Or 2°)|\"253) |) SeexPable Va |\"3™7or.4@ al exo2mleSeebable 
‘ VIII 
Faint apie BP gy EE 5 60 4> 2 60 


*Gandg are screens of wire gauze, the former placed over the end of the tube, the latter in front 
e the plate; S is a 60° sector diaphragm. For further details of constants, etc., see Mt. Wilson Contr., 
0. 80, p. II. 


II. PHOTOGRAPHIC SCALE FOR INTERMEDIATE STARS 


As stated above, the reduction began with the short-exposure 
(SE) photographs of the intermediate stars. Magnitudes on an 
x “Photographic Photometry with the 60-Inch Reflector of the Mount Wilson 
Solar Observatory,” Astrophysical Journal, 39, 307, 1914. 
2 Astrophysical Journal, 38, 245, 1913; 39, 322, 1914. 
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absolute scale were derived for each combination of apertures by 
the method described in Mt. Wilson Contr., No. 80, p. 23.1 The 
zero point was in each case determined by the magnitudes of H.C., 
No. 170. The results for individual stars were combined into 
means, and the residuals were discussed for systematic errors 
depending upon the apertures. The degree of accordance for the 
different apertures and a comparison with H.C., No. 170, are 
shown in Table IX, Mt. Wilson Contr., No. 80, p. 31.? 

The next step was the determination of magnitudes from the 
long-exposure (LE) photographs, the method of reduction being the 
same as before, except in the case of three plates which were reduced 
by a method described on p. 9. 

All of the plates were measured with photometric scale III 
(Mt. Wilson Contr., No. 80, p. 193), which is approximately a uni- 
form scale of magnitudes; but, as is the case with all such scales, 
local irregularities affect the individual readings. The residuals 
from the LE and SE plates afforded abundant material for the 
determination of these errors; not only were the scale-readings 
different for a given star on the SE and LE plates, but further 
diversity was introduced by the numerous images of varying size 
obtained with the screens and diaphragms. ‘The residuals for the 
LE and SE plates were first discussed separately for fear that small 
differences in the magnitude-scales for the two series might influence 
the results. As the correction-curves thus obtained were prac- 
tically identical, they were combined into a mean curve based upon 
about 2800 residuals. No star with less than 1o residuals was 
included in the discussion, and even then it was not used unless the 
scale-readings were well distributed over the scale. 

All of the residuals were then corrected with the aid of the final 
curve, and the mean magnitudes for the different stars were revised. 
A comparison of the SE and LE results for the 58 stars included in 
both series is shown in the fifth column of Table II, the unit being 
0.01 magnitude. The number of individual magnitudes entering 
into each group from the SE and LE plates, respectively, appears 
in the eighth column. A comparison of the mean magnitudes 

t Astrophysical Journal, 39, 329, 1914. 

2 Ibid., p. 337, 1914. 3 [bid., p. 325, 1914. 
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from all the plates with those of H.C., No. 170, is given in the 
next to the last column. 


TABLE II 
ReEsuLts FRoM SE AnD LE PLaTEs 
ScALE-READING erat ited ee 5 
Group GVH eae || ee bs ee eee No. Macs. z 
SE LE MW-HC| gars 
Ley ae cates LOL Oral retcnet tall anaretogs + 6 23 4 136, 29 + 2 3 
Zl eet TOM OU te sereesi| sue yet iaee ° 81 6 282,115 —2 8 
BN Siesta 134 7.8 2.8 Staal 123 12 355,202 = 5 5 
TRU SA DASE On 7, 6.0 fo) IOI I2 219,203 Sie 2 
remons aiekt TAO bes 7.9 + 2 104 9 228,210 —" 4 5 
Ores Doe SmeLA OMe con! + 5 50 ui 83,142 — 6 5 
PENS eta On DON Lasts +10 43 8 74,112 —22 8 
Totals 58 | 1377,1013 37 


The weight of the first LE—SE difference is small, and the 
difference itself is not surprisingly large. The next four differences 
show a close accordance in the two series of results. The last two, 
however, require further examination. Turning to the Harvard 
comparison, we find the same systematic divergence for the faint 
stars that characterized the preliminary results from the SE plates.’ 

It was suspected that the origin of the small systematic differ- 
ence in the SE and LE results would be found in the corrections 
applied to the original scale-readings to reduce them to the center 
of the plate. With the 60-inch reflector these corrections are large, 
and their direct determination, especially for the faint stars, is 
difficult. As the distance error for the diaphragm apertures is 
negligible, or at least very small, it is evident that incorrect values 
for the full aperture must systematically affect the calculated scale 
of magnitudes. 

The corrections which had been used were those resulting from 
the provisional investigation described in Mt. Wilson Contr., No. 
80, p. 20.2, This gave a linear relation between the correction and 
the distance from the center of the plate, and further, for the full 
aperture, a relation between error and size of image defined by the 


* Mt. Wilson Contr., No. 70, p. 4; No. 80, p. 31; Astrophysical Journal, 38, 244, 
1913; 39) 337, I914. 
2 Astrophysical Journal, 39, 326, 1914. 
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curve on p. 22 of that article. Fortunately, the data from the 
photographs here under discussion were sufficient to permit a 
thorough examination of the question. The number of separate 
results for each star was ‘large, and, in general, the range in the 
distance from the center of the plate was considerable, for the 
centering of the field was different on different photographs. 

The residuals for the full-aperture results from about a hundred 
stars were arranged in groups, each covering one interval of scale- 
reading and 2mm of distance. About 2000 residuals were used 
although only those from stars having numerous and well- 
distributed observations were included. In order to reduce acci- 
dental irregularities, overlapping means were formed for the groups. 
The results were then plotted, those relating to a single scale-reading 
defining a curve whose abscissae were distances from the center of 
the plate, and whose ordinates were corrections which, applied to the 
individual magnitudes, would remove any systematic dependence 
upon brightness and distance; in other words, would reduce the 
individual results to the mean scale. The mean scale, however, 
is not the true scale, for, as just remarked, the use of an erroneous 
correction for distance has affected the result. 

Two corrections were therefore applied to the calculated mag- 
nitudes: (a) the ordinate 6D of the correction-curve, corresponding 
to the position and size of the image, which reduced the individual 
results to the mean scale; (b) a scale correction, 6m, to reduce 
from the mean scale to that which would have been obtained had 
the true distance-correction been used. The final solution could 
also have been obtained by repeating the calculation from the be- 
ginning with the revised distance-correction, but this would have 
been a very laborious operation. 

An examination of the curves giving the values of 6D shows that 
the original distance-correction was substantially correct, except for 
very large and very small images for which the results have been 
overcorrected. The curves further show that for all the inter- 
mediate and fainter images the assumption of a linear relation 
between distance-correction and distance is permissible. For the 
brighter images, however, an appreciable deviation from this rela- 
tion is now apparent. 
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To determine the extent to which the scale has been affected by 
the use of the original distance-correction, it is necessary to know 
how much the correction was in error. This may be determined by 
displacing the 6D-curves parallel to themselves in a vertical direc- 
tion until they pass through the origin, for the correction must 
be zero at the center of the plate.t The ordinates of the displaced 
curves are the required errors. 

The determination of the influence of these errors upon the 
magnitude-scale is now a simple matter. We have only to assume 
a series of hypothetical observations s and s; representing the scale- 
readings for a full aperture and a diaphragm exposure, respectively. 
These we transform into magnitudes by the usual process. We then 
correct the full-aperture readings s by the amount of the error in 
the original distance-correction and repeat the calculation. The 
difference in the two series of magnitudes is the required scale cor- 
rection 6m, which is conveniently expressed as a function of the 
scale-reading. 

Two points, however, must be noted: First, in reducing the 
hypothetical observations, we must use for the constant of the dia- 
phragm a value corresponding to the real observations, taking care, 
further, to select for the scale-readings values such that the differ- 
ences As=si:—s agree approximately with the observations. Sec- 
ondly, the change in the distance-correction by which the values 
of s are modified before the repetition of the reduction to mag- 
nitudes must correspond to the mean distance of the stars actually 
observed. 

It is further tacitly assumed that the distance-correction for the 
reduced aperture is negligible, or at least requires no revision. As 
a matter of fact, the discussion of about a thousand residuals for 
the 32- and 14-inch diaphragms showed only minute deviations, 
which, although systematic, have been disregarded because they are 
without influence upon the scale. 

« At first sight, errors of focus would seem to require a modification of this state- 
ment; but for a reflector, images off the axis are always larger than central images. 
In other words, the increase in the images due to the aberrations of the mirror is large 
as compared with that due to curvature of the field. Moreover, in the present case, 


errors of focus play a very minor part, for with the diaphragm and screen plates the 
exposures were short, or moderate at most, and the focus was always carefully watched. 
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With regard to the first of the foregoing points, it may be re- 
marked that several different apertures, with correspondingly differ- 
ent reduction constants, have been employed in reducing the plates. 
To take this circumstance into account, it is only necessary to 
reduce the hypothetical observations with the mean of the reduc- 
tion constants actually used. 

It was thus found that for scale-readings less than 12 no correc- 
tion of the magnitude scale was required. For larger scale-readings 
the corrections are given in the second column of Table III. These 
results apply only to the plates taken with diaphragms. Those with 
which the wire screens were used require no scale correction what- 
ever. Since the distance-correction with the screen is the same as 
that without the screen,’ an erroneous correction, used for both full 
and reduced intensity images, can have no influence upon the mean 
scale, that is, the scale established for a large number of stars of each 
degree of brightness uniformly scattered over the plate. Individual 
magnitudes will be in error, but these compensate each other in the 
mean. The matter is easily tested with the aid of hypothetical 
observations asabove. For this purpose the reduced intensity scale- 
readings, before the repetition of the calculation, should receive the 
same modification as those of the full aperture. The two series of 
magnitudes will then differ only by a constant. 

It has been assumed that these remarks also apply to the three 
plates taken with the 60° sector diaphragm. As this method of re- 
ducing the intensity has been but little used, its distance-correction 
has not been investigated. It seems probable that the correction 
would not be unlike that for the full aperture, and, in the absence of 
definite information, this assumption has been accepted as valid. 

Before correcting the several thousand individual magnitudes 
in the manner indicated, information was desired as to whether this 
procedure would account for the systematic difference between the 
SE and LE plates shown in Table II. This information was, how- 
ever, already available, for an examination of the results on the 
assumption that the scale error depended only on the size of the 
image had shown what that error must be. Its value was derived 
by a step-by-step process based on the data in Table IT. 

I Mt. Wilson Contr., No. 80, p. 21; Astrophysical Journal, 39, 327, 1914. 
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Since for scale-readings less than 12 the differences LE—SE are 
zero, it follows from the foregoing assumption that, as far as this 
limit, both scales are correct. The differences for Groups 5 and 6 
of Table II are therefore the errors of the SE magnitude-scale at 
points whose photometric scale-readings are 12.5 and 14.6. We 
thus know the error of the LE scale for reading 14.5 (Group 7), 
and with the aid of the corresponding LE—SE difference find the 
error for reading 17.9. 

The results of the calculation thus outlined are shown in the 
third column of Table III alongside those derived from the revision 


TABLE III 
ERROR OF PROVISIONAL SCALE 


ém 
SCALE-READING 

DE SE and LE 

mag. mag. 
TD ope iain tors Siero nila siete +0.02 +o.o1 
E-Zine otro reraceea ala) siabae .03 .02 
LAME Raley ccaiecesthace{stuektere .O4 -O4 
PB neste orbs iece siaue eitenes .O5 .05 
Ti OCU a tetas reds heey mena .06 .O7 
LY sorateis Sie ener ee sce Mie BIO 510 
DRO oA RRA decoth Bean ECL .16 .14 
LO Neches ccicayy eo ree 0.26 0.23 


of the distance-correction. As the two series of values are prac- 
tically identical, we infer that the difference between the scales 
from the SE and LE plates may be attributed entirely to errors in 
the original distance-correction. 

Proceeding to the revision of the individual magnitudes, the two 
corrections 6D and 6m were applied to each residual. The mean 
values were then revised and the results for the SE and LE plates 
again compared. The accordance of the two scales (Table IV) is 
now all that can be desired and indicates that there are no remain- 
ing errors of any consequence which depend upon the exposure 
time or the size of the images. The comparison with H.C., No. 
170, in the last column of Table IV is less satisfactory, however. 
The differences MW —HC are but little changed as compared with 
those in Table II, and the results for the faint stars which now 
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appear in the reduction show that the divergence beginning at 
magnitude 15 continues to increase and becomes ultimately very 
large. , 

It has been remarked (p. 3) that three of the LE plates received 
special treatment. As the exposure time for these was one hour, 
they are of great importance in establishing the scale for the fainter 
stars and a more detailed account of their reduction is desirable. 

The necessity for special treatment arose from the fact that the 
reduced intensity exposures were obtained with a 6-inch diaphragm 
whose constant is 4.81 mag. With constants as large as this, the 
usual method" of deriving the scale cannot safely be applied. The 


TABLE IV 
Fina RESULTS FOR SE AND LE PLATES 


MW Mean Mag. LE—SE Rel. Weight MW-HC 
fe Pra en ee ee 

TOs Omstepye ree +o.018 36 —0.05 
5A ARs om by A ec + .007 49 — .05 
E20 iete acne — .007 76 += .03 
ee Bo .000 100 ap 3 
EA OneNote: + .023 74 + .03 
BANS hteyare retorts — 020 71 + .03 
DA Suet rere + .004 | 98 — .03 
SM seteacay eons hose + .034 7 — .06 
ti eros ctpicy reson +0.017 34 — .17 
Ter ci clearta cali euaysteiel | Noacietarhsieyann © team ne — .39 
1 het ER EGCIICNS| SGA ELE DOT tomo oo Teas ae 
eM cate fat ay ay ats ates oratasteastehet he cu llelleisieteser pistes sts —O107 


range of scale-reading for the secondary images of stars with measur- 
able full-intensity images is too small to permit the use of the 
ordinary interpolation process. 

On this account, the scale, as far as the fifteenth magnitude, was 
assumed to be known. The adopted magnitudes were plotted 
against the scale-readings of the primary images, and at the same 
time, the adopted magnitudes, less the amount of the reduction 
constant, were plotted against the readings of the corresponding 
secondary images. Smooth curves were drawn, from which were 
read magnitudes for all of the images shown. The scale for the 
faint stars thus found is not, of course, independently derived, for 


I Mt. Wilson Contr., No. 80, p. 23; Astrophysical Journal, 39, 329, 1914. 
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the method merely transfers an adopted scale to the region of the 
fainter objects. The results, however, are in close agreement’ with 
those from other LE plates, which, because of smaller constants, 
could be independently reduced. The zero point is of course that 
of the adopted scale. 


III. PHOTOGRAPHIC SCALE FOR FAINT STARS 


The magnitudes derived from the three LE plates just discussed 
carry the scale somewhat below the limit (magnitude 18) which is 
regarded as separating the intermediate from the faint stars, but 
as they depend upon diaphragm exposures, it has been convenient 
to group them with the intermediate stars. On the other hand, one 
plate of moderately short exposure, because of the manner in which 
it was taken, appears among the faint-star plates. We now turn 
to the discussion of this latter portion of the data. 

The plates for the faint stars usually received two exposures, 
both with the full aperture, one long and one short. The method 
of reduction, which involves an extrapolation, though a fairly reli- 
able one, is described in Mt. Wilson Contr., No. 80, pp. 5, 26.2, The 
scale for the intermediate stars must be known. As this was the 
case for the objects brighter than the eighteenth magnitude, mean 
results for about 160 stars, none including less than 8 or 10 indi- 
vidual values, were available for the reduction. As each of the five 
plates was reduced with the revised distance-correction no subse- 
quent corrections were required. 

The results extend the photographic scale to the twentieth mag- 
nitude and include values for the brightness of a large number of 
objects not shown by the other plates. They also afford additional 
values for many of the intermediate stars, which have been com- 
bined with the original magnitudes to reduce the effect of accidental 
errors. The revised mean magnitudes, together with the magni- 
tudes of the additional stars, have been entered in the catalogue. 


t See residuals for Plates 196, 200, and 204 in Table XII. 
2 Astrophysical Journal, 39, 311, 332, 1914. 


3 With a few exceptions no results appear in the catalogue given in Table IX 
unless both photographic and photo-visual magnitudes have been determined. 
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IV. PHOTOGRAPHIC SCALE FOR BRIGHT STARS 


The method here applied has been fully described and illustrated 
in Mt. Wilson Contr., No. 70,1 and little in the way of detail need 
be added. It involves a transference of the scale for the interme- 
diate stars to the region of the brighter objects. The operation is 
repeated with a number of different apertures, and the results for 
each give a scale for the bright stars which is homogeneous with 
the adopted scale unless there is some unsuspected form of error; 
the slope of the scale found with each aperture, independently of 
error in the reduction constant, is the same as that of the adopted 
scale. An error in the constant affects the calculated magnitudes 
by a fixed amount; hence their relative values should be correct. 
Further, since the separate scales overlap, a comparison of results 
for the various apertures controls the errors of the constants. 

As stated above, the data for the bright stars in Mt. Wilson 
Conir., No. 70,? have been strengthened by the inclusion of addi- 
tional plates. Further, six stars fainter than the tenth magnitude 
were added to the list in order that the results by the method used 
for the bright stars might overlap considerably those derived 
from the diaphragm and screen plates for the intermediate stars. 
Finally, the earlier plates were entirely re-reduced, using the re- 
vised distance-correction and the magnitudes whose derivation has 
been described in Section II. 

The results, now based upon 662 individual magnitudes as 
against 295 in the original investigation, are given in Table V which 
corresponds to Table II in Mt. Wilson Conir., No. 70. The second 
column gives the final magnitudes referred to the zero point defined 
by HC magnitudes between 10 and 15, which thus far has been 
consistently used. As before, the headings indicate the apertures 
and the approximate reduction constants used in establishing the 
separate scales. ‘‘Various” includes several different apertures 
which were only occasionally employed. The tabular values are 
the residuals, referred to the means in the second column, of the 
results for each star as found with each aperture. The number of 
values included in each residual is indicated by the attached number 


t Astrophysical Journal, 38, 241, 1913. 2 Loc. cit. 
259 


FREDERICK H. SEARES 


I2 


(vr) = +/(gr) 1—|(91) O1+-|(9h) $+ ](zS) P—|(19) H+ |(LE) 1—|(67) S—|(09) 0 |(49) $+] (g9) r—|(S8) 1—|(6S) 9—|° * suoetaop 
o1yeuleysAS 
Co Ses aiftare betel iwieleyarsrerete lie Sleied eis web veeleceewieliee« eee oe eee osc cacac ara S1(ONS +i(g)% — 06° It le OT 
bo wee ee tae oe ce id see eee. . . Ce a i es BRO BSA KN) 3 +](g)g — COT Tr BO SIG: 
(So (e}o°-4 ehelenedaiere: [inst tens wecloecscesfasses Seloescecc[svvvcrvlinsees we ceer leer eles ece (L)1 —|(9)o Tae ea eae OE 
9+ (€) zr— eet eee see. eee sea. cs icc) oe tee srreel(Z)g +4)(S) br+](S) z + (S) 11— (dy os oat 20 Life) 
I + eae Cs rr Pr ecer Vier se eee ee ee . . . . oe . oe oe (Z) gi+ (2) bit (£) v eee (£) Or g6°or se 50) 
Vv oe a istialene.'s ae eee eee eee ne i ey sae. sis . Goo Oss-0 (¥) 8 +\(¥) br+ (¥) 8 ae, (¥) vr— 06'OrL pics iC cy, 
‘oyiege a) hsb COCR II array ai een) . Ss ee ry . . . oe soe ee eae (Z) z +)(£) v + (€) z at (z)v a zS‘o1r Pile 1a 3 
9 Ske . ee eleecsece eee eete cece . . eee eee oe eee 8) see (1) br— (1) +](z) x pan (z) 9 a Toon |r oa 
v ea | rca . eee sees . tee eee Oe Re es 0 see (¥) 8 +}(S) g —|(9) 0° (v) 0° CL-oL CAEL, 
ne Cenareracyl ence NORCE RUE O . eee oe Sie] ANC le lel (eral vettepeiiehs |fis) baefe.szeps (v) v a (9) or+ (9) ie (v) ro) (9) Or, 90701ul: . “49 
Cy eee i oma Sy aie {l= W)fejereke-e)ifie! ores rshe . . Sci01, ai fetieli-« Sp 9/1 b ier: warToull vere (erteloKanel!| te! kayla a3) (Vv) z ile (Vv) v sie (v) v zs (v) 0 (€) x Bre S9°6 a 2 
S = ceewew se Snsifa\f Srebeteteneve:isilerevaperste.e||-ss . pars: |\eireire-e) 4) w1re'l|\ 8; ecenre\ . (£) Teo (S) rag (9) 8 =e (9) ree (v)o o1°6 OTIS 
2 dig ee FECTS | CnC ak OnE see tee . sane. siefelini| is ete (3) sei ee “1(g) rr (S) Z +I(S) 2 —I(S)g —|(¥) or— 69°6 seeezy 
6 hin iatferianjal|) oi/ehesivreWeinilf eau, scteliee (3! \epel sansa ceiilisvenece: steps . (z) z de eo se eee (9) z +)(2) 2 +](4) 9 —|(9) ¥ Ao dicta oo°6 DOIG dg 
Cr Cat weal pet Set Sut a et tard eee eee se *) (eis\ | awe Meke! ene (z) oc (€) x —— (S) § + (£) g + (S)9 + (z) OG tere ZQ°8 Os ri 
| Ae ee (Oronoco aa) ce)lf et e]78) ous" wisi ©) @) ier) |) «mere. ey she oan . (£) ¢ fs (£) € dle (v) 6 ie (£)z ok (£) 6 +)(S) 1 ae wee eee abe: sf soz 
9 — (1) I+ OSC a ee ee ee ta Cer Gee rey eee eee (z) v + (z) fe) (+) 1 ae (v) fate (F) pea (z) CA ea GS 98°38 se Us 
Z— love SUsieiw ie) v)} ei 9) vibe, 0 i) ev elf = arene aie . ersslemes |ataoce. obo ve (v) oz — (9) z = (v) L +/(9) £ ae (z)z +1(¥) Cae BL ssstisorn gr'g 1256 
ups |i aor Sie teereil| ensyelre e\ eke s ilies, SL apelin ts (9) 9 as (9) Tree (€) grt (9) £ = (S) ale (S) x = (S) (oe Wish omette [isnot e) eubscance zO°£ REG 
61— nat ence WeSC} Pile) «ml evel afele: ere sre (£) 6 + (£) 61+ (£) Cres (£) 1 ae (£) ¥ sen (v) ihe (Z) 21— (1) rege . PSL a 
LIK [rrr ttt fe meee nfo eee eee elec e eens (S) ¢ +](2) § +/(¥) or-+ (S)¢ = (S) Ay geal rer omen oss) | emesioh ile ein sheer ak es nll easea nent to'l oe 
i ee ee Ce Ce . (v)8 =f (£)z a (z) or (v)S +/(€) z 4. BMeilei siete, sli|'s (sere leFerel[ vce es jake ielilieter eteixerens 14°9 10) 
of — een ley wpe.ce-i\eria wile.e: eo] 's)]/s) siete exsiele (9) r+ (£) 8 ese (S) 2 + (€) S 5 (v) ee (1) Os she ove vr e|e see) 9 wl. fle) oe 6 * ai.vi|ietece(alisis) =, bz'9 eo 9 2s 
gr— See ets ieee wiematle, safe (z) or+ (9) 8 + (g) Cares (6) z ae eee esee (z)v Dan |isreviw re kaineier|ta co, (otreserisire)||! ere \ase-eleilei|\s\ ee" 6) enol! sie.» sl ieriarls 1Z°Q * At 
on eC ee eer (4) 7 + (L)z ile (9) gi+ (bv) z Sas! (9) (Shee. (£) (oy ee (CC So-9 “Sz 
= ie . @. 6 eves lo 0s duates ete (9) $ +}(7) 0 (S) $ ae (S)9 at (S) Ore sPeo es ooe| Peer edie erie 1a es|o-leielieitailet se |\e re (ee) «| «18 So-9 “<3¢ 
op— [rcs eee (2) e+ (v) vr+ (L4)S +1(+) 91— (9) v Bea Mere corions . cee wate Fislole eMire eee 6 376 Wistelia,|kebele)celracsy's TSG sop 
Cy Ch Te eek a ea (z) o+ (€) 8 + (9) z + ENS <= (g) penn OR NO O60 . Cs i ey eee eee lew eae . . eee ee ops aH 8 
to es (£) gi+ (¥) 7 +)(€) € +}(S) Ses a seme ele eens re ee re a er es 06'+ BESTE 
gr— (9) 9+ (9) e+ (¥) z ae (v) 6 ee ee Re sees . ite aie) eileliec|lonsiteveree: olllie:ai'e)'e)a)a},e PACU yal (eich SECO . 66°¢ Oe 
Gres (z£) Feat (g) £— Sarees ebay ailvereusie hone qa ecag Choa ceo eset) ste stiat airer|| kepmuleWe Macrelce!|| Renee etlwreterlaxteagen sn shs Cig Creo oO (ic. Chon VIZ “or 
OH z* OF zs oO Oo : 2 gi On Oo? boas 8 "Be 3 
si eeoLen aye ae 28 aS Hee IGE ae es oe ae a = 8 Ht Pa “ON 


SUVLIS LIHOIEG 10 SAGALINOVI, OIHdVAOOLOHYG 
A ATdVL 


260 


MAGNITUDES OF STARS NEAR THE NORTH POLE 13 


in parentheses.!. The weighted mean residuals appearing at the 
bottom are the systematic deviations of the results for each aper- 
ture from the mean of all. These quantities are closely related 
to the errors of the reduction constants. 

It is unnecessary to repeat here the details of the discussion 
undertaken in Mt. Wilson Contr., No. 70, as the results are essen- 
tially the same. The following, however, may be noted: 

t. No marked progression in the residuals appears in any of the 
columns. The parallelism of the constituent scales with the mean 
scale is therefore close. 

2. The systematic deviations at the bottom of the table are » 
small; hence the errors in the reduction constants are also small 
and probably have had but little influence upon the mean scale. 

3. The re-reduction and the inclusion of new data have dimin- 
ished the accidental errors, but have not materially altered the 
scale. The divergence from H.C., No. 170, remains substantially 
as before. 

4. Since the constituent scales are sensibly parallel, they must 
all show the same divergence from the results of H.C., No. 170. 

A comparison of the overlapping portion of the scale here estab- 
lished with that for the intermediate stars is shown in the first 
half of Table VI. In view of the fact that the IS results are here 
subject to some uncertainty because of large distance error, the 
agreement is as good as can be expected. 

There remains to be considered the influence of the apparent 
magnitude to which the bright stars have been reduced in deter- 
mining their real magnitudes.? This is shown in the first part of 
Table VII. The second column gives the mean residual for all the 
results derived from apparent magnitudes within the limits shown 
in the first column. Thus the 69 values for bright stars found by 
reducing to apparent magnitudes between g.5 and 11.0 are fainter 
by 0.08 magnitude, on the average, than the final magnitudes in 
the second column of Table V. This difference is the zero-point 


Note that the algebraic signs of the residuals are here reversed as compared with 
those of Mt. Wilson Contr., No. 70. Thus for star 12, the residual —10 for the 40-inch 
diaphragm indicates that the mean of the four values found with this aperture is 9.79. 


2 Mt. Wilson Contr., No. 70, pp. 16-22; Astrophysical Journal, 38, 256-262, 1913. 
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error of this particular portion of the results relative to the mean 
of them all. Its origin will be discussed at a later time. Now it 
need only be noted that, while obviously systematic, the dependence 
upon apparent magnitude is small and probably without influence 
upon the mean scale for the bright stars. 


TABLE VI 
COMPARISON OF OVERLAPPING SCALES FOR BRIGHT AND INTERMEDIATE STARS 
PHOTOGRAPHIC PHOTO-VISUAL 
Star No. 
BS IS No. B=I BS IS No. B-I 
Ta Precio LOW sil eeceacwene Ls OFS aiteg seas 10.37 10.46 ity, dS —9 
TA eee 10.52 10.59 10, 47 —7 10.52 10.68 125 6 —16 
LS opsrtietye cre 10.90 10.76 16, 14 +14 10.92 10.97 9; I — 5 
LO amore: ieee T22 iis, he) — I II.19 II.40 Tr; 5 —2I 
TT eat ecten Tre 5 3 II.43 16, 27 +10 TT.27 Elsi Sos — TO) 
TOO yar ne: II.90 Ir.85 16, 33 + 5 II.92 II.92 8,6 ° 
Gris iald Steck TORT 10.55 6, 28 —4 9.91 9.96 18, 10 — 5 
bh ce, Ceoncisuo'e TL LZ 10.92 Zone +20 10.44 10.54 iy —i10 
Chin scion oe Stoxenaiers 10.69 0; COs Nreirets oe 10.04 10.16 U7 LE — 12 
OSmem mcr TOMO Siar eect. Os GOm| aaa 10.78 10.72 9, 4 + 6 
Means. . ae & —§ 
TABLE VII 
DEPENDENCE UPON APPARENT MAGNITUDE 
PHOTOGRAPHIC PHOTO-VISUAL 
RANGE OF APPARENT 
Mac. 
Residual No. Residual No. 
Je Gasca daoos —8 69 —2* 19 
TH Om TDCi rast ras =e 72 —6 68 
TEINS E21 Orie tatehe en i, 92 —I 55 
U2 Om 2mh 5 aerate ° 132 a8 76 
LEAS ITA etary — 1 83 ° 62 
TRROR Ea Sani ees +3 125 +4 60 
Es ORLA Omar avon: +5 66 2 27 
EARO— TAN aera ene +6 23°. | \lhtaeatageccts Arowaeraxore lia be teve Gaon le tere 
Motalstearerestea: 662 367 


* The range of apparent magnitude for this value is 10.1-10.8. 


V. THE PHOTO-VISUAL SCALE 


The photo-visual scale has been determined in precisely the 
same manner as the photographic; but the operations have been 
simpler and the labor much less, for fewer plates were used and 
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the irregularities of the photometric scale and the errors of the 
distance-correction tables had previously been investigated. 

The intermediate stars require no comment beyond the state- 
ment that the provisional zero point was that defined by the visual 
magnitudes of H.C., No. 170, which are fainter than 9.8. The 
results for the bright stars are given in Table IX, which is similar 
in arrangement to Table V. The mean magnitudes in the second 
column depend upon 367 individual values. 

Although the visual scale of H.C., No. 170, and the Mount 
Wilson photo-visual scale coincide at the sixth and the twelfth mag- 
nitudes, there are important differences at intervening points. An 
appreciable color equation also makes its appearance, for it will be 
noted that the differences MW—HC are systematically smaller for 
the red stars than for the white. 

The accordance of the overlapping portions of the scales for the 
bright and the intermediate stars is shown by the second half of 
Table VI. The systematic difference of 0.08 magnitude is prob- 
ably due to an error in the IS scale, which for this region is some- 
what uncertain. 

Finally, the dependence of the scale for the bright stars upon the 
apparent magnitudes from which the individual values have been 
derived appears in Table VII. Here the residuals are again slightly 
systematic, but satisfactory. 


VI. DETERMINATION OF THE ZERO POINTS 


The zero-point corrections have been determined in such a way 
that both photographic and photo-visual magnitudes of the white 
stars near the sixth magnitude have the same mean value as the 
corresponding visual magnitudes of H.C., No. 170. The objects 
actually used in determining the corrections were Nos. 2-6 and 
2s and 3s. As only two of these are of spectrum Ao, an allowance 
for color was made in the case of the photographic scale. The 
resulting corrections are -+o.40 magnitude for the photographic 
scale, and —o.03 magnitude for the photo-visual. 


VII. THE CATALOGUE 


The complete catalogue includes 645 objects. Photographic 
magnitudes have been derived for 617 of these and photo-visual 
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magnitudes for 339. The catalogue in Table IX, however, con- 
tains only 329, for with the exception of Polar Sequence stars no 
object has been entered unless both photographic and photo-visual 
magnitudes have been determined. 

For convenience the Polar Sequence stars appear at the begin- 
ning of the table, arranged in the order of their numbers as given 
in H.C., No. 170. The numbers of the remaining stars, unless a 
letter is attached, are those of Harvard Annals, 48, Part I. Those 
with letters are faint objects near the H.A. star of the same 
number. Their rectangular co-ordinates for 1900 are given in 
Table X. 

The magnitudes in the second and third columns of Table IX 
were obtained by applying to the preliminary values the zero-point 
corrections given above. For the stars appearing in Table VI, the 
weighted means of the IS and BS results were the values thus cor- 
rected and entered in the catalogue. The number of separate de- 
terminations entering into each photographic and photo-visual 
magnitude, respectively, is shown in the fifth column. The re- 
maining columns contain comparisons of the Mount Wilson photo- 
graphic scale with that of Harvard' and of Greenwich? and with 
the results of Dziewulski? obtained with the 80-cm refractor of the 
Potsdam Observatory. 


VIII. SYSTEMATIC DIFFERENCES 


The systematic differences affecting the results for the bright 
stars have already been shown in Tables V and VIII. Those for 
the photographic magnitudes of the intermediate stars which 
depend on the method of reducing the intensity are given in Table 
XI. The agreement is much better than it was before the revision 
of the distance-correction.4 The circular diaphragms give prac- 
tically identical results, but the screens still show divergences of a 
few hundredths of a magnitude. The last two columns of the table 

t H.C., No. 170, 1912. 

2 Monthly Notices, R.A.S., 74, 40, 1913. 

3 Astronomische Nachrichten, 198, 65, 1914. 

4 Mt. Wilson Contr., No. 80, p. 31, Table IX; Astrophysical Journal, 39, 337, 1914. 
Note that the signs of the residuals must be reversed to make them comparable with 
Table XI of this paper. 
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show the mean results for these two methods of reducing the inten- 
sity. The deviations are in all cases referred to the mean scale, 
which depends upon 42 separate determinations. 

As the lower limit of Table XI is only 17.1, some indication of 
the accordance of the results for the faint stars is desirable. This 
is shown in Table XII, which gives the mean deviations of groups 
of stars for each of the long-exposure plates. In no case is there 
a serious divergence from the mean scale. Some of the average 
deviations at the bottom of the table appear to be large; but it 
must be recalled that they include the errors of the scales derived 
from the separate plates for a range of 9 or 10 magnitudes. The 
number of magnitudes from each plate and the diaphragms used 
for the reduced-intensity exposures are also shown at the bottom 
of the table. 

Although the photo-visual results are based upon a much smaller 
number of plates than the photographic, their relative weights 
are more nearly equal than the number of observations would 
indicate. This arises from the higher precision of the individual 
magnitudes from the photo-visual plates. Thus the average devia- 
tion of a single photographic magnitude, based on the results for 
stars fainter than the tenth magnitude and including the effect of 
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scale errors, is +o.125 magnitude; the corresponding photo-visual 
result is 0.087. From this it follows that the accordance of the 
separate photo-visual scales must be even better than that of the 
results in Table XII. A discussion of the residuals proves this to 
be the case. 


IX. COMPARISONS WITH OTHER MAGNITUDES 


The reference of the Mount Wilson photographic magnitudes to 
the international zero point introduces a large systematic difference 
into the comparison with H.C., No. 170. Between the tenth and 


TABLE XI 
SysTEMATIC DIFFERENCES FOR VARIOUS APERTURES (UNIT=0.01 Mac.) 
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the sixteenth magnitudes this is nearly constant. 


Below this region 


there is a divergence which rapidly increases and, for the faintest 
stars given, amounts to about one magnitude. The faintest magni- 
tude given in H.C., No. 170, is 21.00; the faintest here shown is 
about 20. 

Although some modification of the scale of H.C., No. 170, has 
been made by Miss Leavitt in her final discussion of the data,! the 
changes are not great. They affect the divergence for the bright 
stars only slightly, and that for the faint ones not at all. A detailed 
comparison with the Harvard scale is reserved for a later paper, but 
it may be remarked here that the divergence at the lower end of 

t Harvard Annals, 71, Part III, 1914. 
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the scale is to be attributed to differences in the methods of reduc- 
tion. The explanation of that for the bright stars is less obvious, 
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ESC ORe ce a tae "ol Naan leat Fl Wie = sa wel” Wh aid? i eae la eee: Ol wl” Sa ce 2 
TOm Tegner er ihe Aa ea TAR aS Ni Aleit Tali ta 
TOLOn ace 6 Sere WS Gey SS aa ere) So Ol Copal es le ee —22 
17 Nb hacler SSR a> tS ae | ae el) Se eel ae | eS ae oe o | —I0 
D7 Oise lens +2}+4/+1r/+o0!—5/}/+2)—1/] —4] +15|—7 
rh i ae as ee gone Ot a an| ee ee Olea al eto eee 
HS Omens STA ett te Al EG 3 as |r — tO | eon ie: 
MO Leer +12 o|/ —1|-+10] —17 | —14 | +25 | + 2] +16 ° 
IGE Obapooa pan socleteusd decode zac maalFAY | ay a eran |e ctetets +32 | +28} + 8 
fae D sts ae TEA UE) TAs Teich] RR 7l atl SRO MEO, AML on 
INO Beer te 277 307 281 333 323 354 253 267 I8t 179 

IAD aa ever I4 14 14 32 60 60 60 60 60 60 


although some information is afforded by a re-reduction of the 
Harvard plates by methods which could not well be employed in the 


initial discussion of the data. 
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Since the zero points for the results by Chapman and Melotte 
and by Dziewulski depend upon the magnitudes of H.C., No. 170, 
they, too, show large systematic differences when compared with 
the final Mount Wilson scale. Here again the differences are nearly 
constant, so that for the region in question the four scales are sen- 
sibly parallel; but the agreement becomes even better when it is 
noted that each of the three series of differences is affected by a 
more or less pronounced color equation. 

By plotting the differences MW—HC, MW-—Gr, and MW—Dz 
against color indices, the following relations were found: 

MW—HC=-.30+0.15 C 

MW-—Gr =-+0.23+0.27 C 

MW-—Dz =+0.31—0.06 C 
in which C represents the color index. 

The first of these, which is derived from the values of MW—HC 
for magnitudes 10-15, is a mean result and does not necessarily 
apply to any given star. The magnitudes of H.C., No. 170, are 
based upon data obtained with many different instruments, among 
them the 60-inch reflector at Mount Wilson, and the results enter 
in varying proportions into the final magnitudes. Although reduc- 
tions to a standard system were made in the case of stars known to 
be red, the HC results are not altogether homogeneous, for the 
colors of the fainter stars, many of which are also red, were not 
then known. In consequence, each star requires a special correc- 
tion for color. Moreover, the corrections decrease in amount with 
increasing magnitude, for with the fainter objects the influence of 
the Mount Wilson observations entering into the HC results 
becomes increasingly predominant. The detailed determination of 
these corrections which reduce the differences to the system of the 
reflector will be given later. The results, however, appear in 
Table IX under the heading MW—HH,,..' 

* The symbol HHw designates the magnitude system of H.C., No. 170, after the 
application of the following corrections: (a) corrections to complete the reduction to 
the standard color system adopted by Miss Leavitt; (b) a zero-point correction of 
-++-o.08 mag. applied in her final discussion in H.A., 71, Part III; (c) a color correc- 
tion which refers the results to the color system of the Mount Wilson reflector. The 
addition of (a) and (0) to the results of H.C., No. 170, gives what may be called the 


Harvard Homogeneous Scale (HH). The further application of (c) gives the system 
HHw. Details of this part of the discussion will appear in Mt. Wilson Contr., No. 98. 
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The corrected differences for Gr and Dz are similarly shown 
under the headings MW—Gr, and MW—Dz,. For these the color 
equations given above, including the constant term, have been 
used as they stand. 

With the exception of the beginning and ending of the MW —HH, 
series, the residuals are very satisfactory, at least for all cases includ- 
ing any considerable number of observations. The parallelism of 
all four scales is now very good between the ninth and the sixteenth 
magnitudes. 

TABLE XIII 


COMPARISON OF SCALES FOR BRIGHT STARS 


PHOTOGRAPHIC PHOTO-VISUAL 

oy 

MW MW-G | MW-Y |MW-—HH,, MW MW-P | MW-Y |MW-HC 
IRS S.Gell iget: Sinaia ace (—31) —25 2.08 —4 —12 —4 
Terre 4.39 — 1 — 8 —16 4.37 1) —13 — 7 
Drala 5.30 +I0 ar 4 —I1 5.28 +10 — 5 —I10 
Soc hes Gere ey + 8 — I 5.56 4 — 7 — 6 
rE Sra 5.91 — 7 —I2 — 8 5.84 eS + 2 — 2 
Sivas. 6.45 = i = = 2 6.47 = di Yh ap ai 
2S Oe AS ° ° — 2 6.33 + 2 +17 + 5 
Lif 6.61 —IlI —16 — 26 5.09 —-I0 + 5 —17 
a5. 6.64 — 1 +2 —1 6.35 + 6 +14 + 2 
Oia eed — 9 — 5 + 4 7.05 —4 ° +4 
Chere 7.41 +7 +11 +16 Tease +1 — 2 + 8 
or. 7-94 2 13 sgh 6.35 a ay | tas —20 
Z.P. correction .| + 6 +47 —19 +9 


Since the zero-point reduction for the Mount Wilson photo-visual 
magnitudes is only 0.03, the differences in the last column of Table 
VIII show with sufficient exactness the relation of the final values 
to the visual magnitudes of H.C., No. 170. As already remarked, 
there is here also an appreciable color equation, the agreement for 
the red stars being noticeably better than for the white. 

There remains to be noted a comparison of the Mount 
Wilson results with those of Parkhurst, Miiller and Kempf, and 
Schwarzschild. The differences are shown in Table XIII alongside 
the corresponding values of MW—HH,y. To facilitate the compari- 
son, the Gottingen, Yerkes, and Potsdam magnitudes have received 
the zero-point corrections which appear at the bottom of the table. 
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In addition, the Yerkes photographic magnitudes have been mul- 
tiplied by 0.94.1 There is some evidence that the Yerkes photo- 
visual magnitudes require a similar correction, but as the case is 
not altogether clear, no change has been made in the slope of the 
scale. 

X. COLOR OF THE STARS 


One of the most interesting results of the investigation is the 
series of color indices given in Table IX. Attention has already 
been called to the gradual change in the minimum color index 
with increasing magnitude.2 The additional data now available 
only confirm in all essential particulars the results previously found. 
At the seventeenth magnitude (photo-visual) the smallest color 
index appears to be 0.7 or 0.8 mag. The change with increasing 
magnitude is approximately linear. 


SUMMARY 


The paper deals with the determination of absolute scales of 
photographic and photo-visual magnitude within the intervals 2. 5- 
20.0 and 2.0-17.5, respectively. With diaphragms and screens 
scales were first established for the stars of intermediate brightness. 
These were then extended in both directions to include both bright 
and faint stars. The results give photographic and photo-visual 
magnitudes for 617 and 339 objects, respectively, of which 311 
appear in both groups. For these color indices are therefore avail- 
able. The relation between color index and magnitude previously 
announced is confirmed. 

The internal accordance of the results is satisfactory. With 
due allowance for color, the photographic scale agrees well from the 
ninth to the sixteenth magnitude with results found at Harvard, 
Greenwich, and Potsdam. It also agrees well with the Yerkes and 
Gottingen magnitudes of bright stars, for which values between 4.4 
and 7.9 are available. The divergence from the scale of H.C., 
No. 170, below the sixteenth magnitude is due to differences of re- 
duction. That for the bright stars has been decreased by the 


t Vierteljahrsschrift der Astron. Gesellschaft, 47, 356, 1913. 
? Mt. Wilson Contr., No. 81; Astrophysical Journal, 39, 361, 1914. 
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correction for color, but there are still important differences which 
will be considered in Mt. Wilson Contr., No. 98. 

The photo-visual scale agrees well with other determinations in 
the region of the bright stars, and coincides with the visual scale of 
H.C., No. 170, at the twelfth magnitude. For intermediate points, 
the comparison with the latter scale is less satisfactory and shows 
the influence of color. 


Mount WILson SOLAR OBSERVATORY 
January 16, 1915 
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A COMPARISON OF THE HARVARD AND MOUNT WILSON 
SCALES OF PHOTOGRAPHIC MAGNITUDE 


By FREDERICK H. SEARES 
I. INTRODUCTION 


For several years the question of standard photographic mag- 
nitudes has received much attention at the Harvard Observa- 
tory. Announcements of results have been made from time to 
time,’ and recently the details and the final magnitudes derived 
from a long and painstaking investigation, which has been in the 
hands of Miss Leavitt, have come from the press.?._ In the mean- 
time, the desirability of applying the 60-inch reflector of the Solar 
Observatory to problems in photographic photometry led to the 
formulation of methods of observation and reduction adapted for 
use with that instrument. In order that there might be some con- 
trol over the results, the first observations were of the stars of the 
Polar Sequence, which had already been selected by Professor 
Pickering. Little by little the investigation broadened, and even- 
tually it developed into an independent determination of the photo- 
graphic and photo-visual scales, not only of the Polar Sequence, but 
of numerous other stars near the Pole. This investigation is now 
finished and has been summarized in a previous paper.’ 

A comparison of the Harvard and Mount Wilson results‘ reveals 
a very satisfactory agreement between the tenth and the fifteenth 
magnitudes so far as parallelism of the scales is concerned. For 
both the brighter and the fainter stars there are differences, which, 
although not greater than might have been anticipated, are sufficient 


t Harvard Circulars, Nos. 125, 150, 160, 170 (1907, 1909, 1910, 1912). 
2 Harvard Annals, 71, No. 3, 1914. 
3 Mt. Wilson Contr., No. 97; Astrophysical Journal, 41, 206, 1915. 


4 Loc. cit. The Harvard results referred to are those of H.C., No. 170, or of the 
twelfth column of Table LXVII of Miss Leavitt’s memoir. They define the scale 
derived from the photographs measured and reduced at the Harvard Observatory. 
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to introduce an uncomfortable degree of uncertainty into the statis- 
tical investigations for which precise magnitudes are required. To 
avoid this difficulty Miss Leavitt has combined the magnitudes of 
H.C., No. 170, with preliminary results from Mount Wilson,’ and 
with various other determinations covering a limited portion of the 
scale, thus forming a system of somewhat greater weight than that 
based upon the Harvard data alone. But this procedure can be 
regarded only as a temporary expedient, for the outstanding differ- 
ences are so large as to indicate serious systematic errors, and until 
these can be traced to their origin and eliminated no sense of security 
can be attained. 

Now that the details of Miss Leavitt’s reduction are in print, it 
is possible to test various hypotheses which might account for the 
differences between Mount Wilson and the scale of H.C., No. 170; 
and it is the purpose of this paper to examine critically the data 
and the results which she has given. A circumstance of great 
assistance is the fact that we may certainly regard the Harvard scale 
between the tenth and the fifteenth magnitudes as substantially 
correct in slope. Not only is the parallelism with Mount Wilson 
close, but the agreement with the scales of Chapman and Melotte? 
and of Dziewulski’ is equally good. It is therefore possible to apply 
to the discussion methods which could not be used for the initial 
reduction of the data. For example, with the magnitudes between 
ten and fifteen as an adopted scale, we can in a number of cases 
derive results for the brighter stars without making any assumption 
as to the values of the reduction-constants, since these are deter- 
mined directly from the data, thus eliminating a considerable portion 

* Mt. Wilson Contr., No. 70; Astrophysical Journal, 38, 241, 1913. In combining 
the results of H.C., No. 170, with those of Mount Wilson an arbitrary change has 
been made in the latter between the ninth and tenth magnitudes. Miss Leavitt has 
interpreted as a break in the scale what appears to be only a consequence of the 
accidental errors affecting the preliminary magnitudes. As a result, the Mount 
Wilson determination of the magnitudes of stars fainter than ten, relatively to the 


international zero-point defined by those of the sixth magnitude, is disregarded, and 
Miss Leavitt’s modified scale below this limit is substantially that of H.C., No. 170. 


2 Monthly Notices, 74, 40,1913. These results are not independent of the Harvard 
scale, as they were obtained with the aid of Harvard standard magnitudes. An 
independent test by means of gratings gave closely accordant results, however. 


3 Astronomische Nachrichten, 198, 65, 1914. 
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of the errors affecting the individual plates. And by starting from 
a series of known magnitudes, we can in other cases, namely, those 
involving exceptionally large values of the constants, avoid certain 
difficulties which are inherent in the usual process of reduction. 

It is thus possible to re-reduce by independent methods a part 
of the data upon which the Harvard magnitudes are based. An 
account of this re-reduction will be found in the following pages. 
The least satisfactory in its results is that part of the present dis- 
cussion relating to the stars brighter than the tenth magnitude. 
The deviation for the faint stars, on the other hand, is easily 
explained. Since the Harvard scale in this region depends exclu- 
sively upon Mount Wilson plates which have also been used in 
determining the Mount Wilson magnitudes, the divergence must 
be due to differences in measurement and reduction. Such is 
found to be the case, and the exact point at which they enter is 
easily specified. 

Before proceeding to the detailed discussion of these two 
divergent regions of the scale, the effect of color upon the Harvard 
results must be briefly considered. 


II. COLOR-CORRECTIONS AND THE ADOPTED SCALE 


The Harvard results are based upon 20 groups of plates for each 
of which magnitudes on an absolute scale were derived by the 
methods and instruments listed in Table I. These constitute 
Section A of the results. Four other sections, namely, B, C, D, E, 
include results from plates which were reduced to the scale of 
Section A. Section A therefore determines the scale, while the 
remaining sections afford material for the reduction of the acci- 
dental errors affecting individual stars. The mean of the five 
sections’ is the scale of H.C., No. 170. A zero-point correction of 
+o0.08 magnitude was subsequently applied and the results were 
combined with those of other observers to form the final scale of 
H.A., 71. It is, however, the mean result from Sections A to E of 
Miss Leavitt’s investigation plus the zero-point correction of 0.08 
magnitude, in which we are at present interested. For convenience 


t Excepting small differences for a few of the faint stars. 
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this series of magnitudes will be referred to as the Harvard Scale 
(HS). Hence, 

HS=System A to E+0.08=System H.C., No. 170 +-0.08 


As stated in Mt. Wilson Contr., No. 97, this scale is not alto- 
gether homogeneous with respect to the influence of color. For 
all cases of known color Miss Leavitt has applied corrections which 


TABLE I 


HARVARD OBSERVATIONS—SECTION A 


Group Mag. Range Method Instrument Am Aperture 
mm 
Tite wuehs 2.7- 6.7 | Different foci TI-in, Draper i).j.cceee es ea see 
Di asiscens 2.7- 8.7 | Iceland spar 8-in. Draper 2 5O I Wrersiesech eeeeeios 
Boe 4.5- 8.9 | Pleiades comp. Various’, 2.) Wete chev nore ore lots svern ais ene onetone 
Bim ee 6.4-10.6 | Praesepe comp. t-in, Cooke: 4|Gsacuesce es aaron 
Svea 2.7-11.3 | screen’ B2 1-in. Cooke DG One "lhe cota esyare eke 
Oe utes 8.9-15.5 | Screen C 16-in. Metcalf Pel Ml Sarstaiaas sw cseatete 
FF artis sis 8.9-13.7 | ScreensC,D,E,B1| 16-in. Metcalf | 1.15—2.50]............- 
Sitienets 8.9-13.3 | Whole and half ap.} 11-in. Draper cot A-al anettn Ge olac noe 
gQ-12 2.7-14.5 | Prismatic comp. 8-in. Draper 5.00 211-25, 20 
seem 2.7-14.3 | Pleiades comp. Various 5.00 21E—2 5.20 
TAs ertay 2.7- 7.7 | Circ. diaphragm 1-in. Cooke I.50 8,4 
TSE ene 2.7-11.9 | Circ. diaphragm t-in. Cooke 2.28 26.5,9-3 
TOR era 8.9-14.3 | Circ. diaphragm | 11-in. Draper 2.00 280, I12 
Eph 8.9-15.9 | Circ. diaphragm | 11-in. Draper 2.00 280, 112 
Goyer ace 16.0-19.0 | Circ. diaphragm | 60-in. Refl. 4.81 I511I-584, 152 
EOQere es 10o.5-18.9 | Circ. diaphragm | 60-in. Refl. 2.07 I511—-584, 350 
QO 10.5-19.1 | Circ. diaphragm | 60-in. Refl. 2.07 I511-584, 356 


reduce the results to the system of the AC (Cooke 1-inch) and I 
(Draper 8-inch) instruments. But most of the faint stars, whose 
colors were then unknown, are red or reddish and also require 
appreciable corrections. The completion of the reduction to a 
homogeneous color-system therefore first requires our attention. 
Although a tedious operation, this is easily accomplished with the 
color-indices now available. 

The color-equations of the various instruments were found by 
comparing the Mount Wilson color-indices' with the differences on 
pp. 196-198 of Miss Leavitt’s memoir? Certain equations control- 


* Mt. Wilson Contr., No. 97; Astrophysical Journal, 41, 206, 1915. 


*Qp. cit. For brevity this will be referred to by the letter L followed by the page 
number. 
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ling the consistency of the results were also obtained by comparing 
the Mount Wilson magnitudes with the various groups of Sections 
A and B in L, 186-188, 195. To avoid the influence of differences 
of scale for the bright and the faint stars, only those stars between 
magnitudes ten and fifteen (Nos. 12 to 14s, L, 186-188) were used 
in the comparisons with Mount Wilson. Disregarding constant 
terms, the results are as shown in Table II. 


TABLE II 
CoLor EQUATIONS 
Equation Source 
MW—MC =-+0.33C  SectionA Group 6, 7 
MW-—-C =+0.08 C a EY) 
MW-I =+0.06C 3 -g-I2 
MW-I =-+0.06C ‘28 ‘¢ "23-30 
I—AI =—0.13C ‘“‘  B compared with Section C, Gr. 31 
I—ACe=-+0.10C “ “ “ (a9 “ce co 66 32) 34 
I—L =+o0.14C “a <9 “ “cc “cc (<i a4 37-39 
I—MC =-+o. 24 e “cn “ (<4 “ “ce oo OE 48-53 
I—ACe red. = —0.07 C ag oe 2 “ D-* 62 
I—L =+0.28C “ce “ “ “ “ce co OE 64 
I—MC _ +o. 23 (S “cc “ cc “ce iz4 cc 6k 66 
I—ACe=—0.14C “A and C revised with E “ 68 


The symbols in the left members of the equations refer to the 
instruments listed in L, 55. C in the right members is the Mount 
Wilson color-index. Beginning with the fifth equation, I includes 
the AC (later 1-inch Cooke) instrument as well as the 8-inch Draper 
and signifies the standard system chosen by Miss Leavitt. Owing 
to a lack of data she was unable to make a direct comparison of the 
color-systems of these two telescopes; but the differences used in 
deriving the foregoing equations for L (4-inch Cooke), which include 
AC as well as I results, show that they afford a really homogeneous 
system. 

Although the coefficient for the second L comparison is twice 
that of the first, the evidence seems unmistakable; the difference 
shows clearly in both the AC and the I results. Again, the two ACe 
comparisons give discordant coefficients; but there seems here also 
to be a real difference, although the first comparison is not very 
reliable. On the other hand, the large MC (16-inch Metcalf) cor- 
rection is constant and well determined. Results from the other 
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instruments appearing in Miss Leavitt’s discussion agree sensibly 
with the standard system. 

The next operation was the revision of the mean magnitudes 
for each of the five sections. Beginning with Section A the results 
for each group were corrected with the aid of the foregoing equa- 
tions. The mean magnitudes for individual stars were then formed 
exactly as described in L, 185, thus giving results which define 
the homogeneous scale, just as the original results for this section 
determined the HS. The remaining sections were then similarly 
treated, and finally each received a correction to reduce it to the 
revised scale of Section A, a procedure necessitated by the fact 
that the color-corrections modify the results for the different sec- 
tions by different amounts. This reduction was made graphically, 
and the results for all sections were then collected in a table 
similar to that in L, 207-209. The weighted means were then 
found for each star in the manner followed by Miss Leavitt 
(L, 206) and corrected by +-0.08 mag. for zero-point, thus giving 
what may be called the Harvard Homogeneous Scale (HH). 
In revising the results care was taken throughout to make 
allowance for the color-corrections already applied by Miss Leavitt 
(L, 204). 

The agreement of the results from the different sections was very 
good before the revision, the average deviation of the mean magni- 
tude for a single section being only 0.022 mag.; the reduction 
to a homogeneous system has decreased this to 0.019 mag., which 
is an indication of the remaining accidental errors. The main 
significance of the results, however, is to be found in the fact that, 
owing to the systematic dependence of color upon magnitude, 
the scale itself has been appreciably modified. The amount of 
this change is indicated by the quantities in the fourth column 
of Table III. The application of these corrections to the values 
of HS gives the Harvard Homogeneous magnitudes in the HH 
column. 

The comparisons of Mount Wilson with the original results for 
Sections A and B revealed an appreciable color-equation between 
the Mount Wilson and AC-I systems. This same relation should 

* Mt. Wilson Contr., No. 81; Astrophysical Journal, 39, 301, 1914. 
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appear from the differences MW—HH in Table III; and, in fact, 
we find 
MW —HH=-bo. 24+0.06 C, 


which is in agreement with the results in Table II. Star 115 
(MW 15.31) was the faintest object used in deriving this rela- 
tion, although all the brighter objects excepting 1s were included 
after applying a correction for scale-difference between HH and 
MW. This correction has the form 


MW—HH=-+ 0.061 (HH—10), 


which holds for objects brighter than 1o. 

For the final comparison of the Harvard and Mount Wilson 
results, we must reduce them to the same color system by means of 
the first of the foregoing equations. The necessary corrections for 
the reference of HH to the Mount Wilson system are in the column 
headed HH,—HH, and their subtraction from MW—HH shows 
the outstanding differences of scale between Mount Wilson and 
Harvard. ‘These appear under the heading MW—HH,, in Table IX 
of Mount Wilson Contr., No. 97; but for the purpose of the present 
paper it is convenient to have the two scales coincide from the 
tenth magnitude onward. On this account the constant term of 
o.24 in the color equation was also taken into account in forming 
the differences MW—HH, in Table III. 

By way of recapitulation, the latter differences indicate the rela- 
tion between the Harvard (HS) and Mount Wilson scales after the 
former has been subjected to the following operations: (1) reduction 
to a homogeneous color system; (2) correction for color to reduce to 
the MW system; (3) correction for zero-point to produce coinci- 
dence with MW in the region of parallelism (mags. 10-15). The 
last column of Table III shows that in the intermediate region the 
agreement is very satisfactory. Between the ninth and sixteenth 
magnitudes there are but two differences exceeding 0.10 mag,, 
namely, those from the red stars 47 and 67. 

Neither of the color-corrections is very large, but together they 
form an appreciable quantity, which is important because of its 
differential effect between bright and faint stars. Both enter in a 
direction such as to decrease the original divergence between HS 
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TABLE III 
CoRRECTIONS FOR COLOR AND COMPARISON OF SCALES 

HH MW HHw MW 
Star MW HS minus HH CI minus minus minus 
H HHy 

Is. 2.54 DY hes oacohe (2.79)| 0.46 (= 25) dl eee se (—49) 
Diegeiel ats 4.39 4-55 ° 4.55 0.02 —16 ° —4o 
Diner ake 5.30 ee —I1 Babin || tone — 1 ° —25 
Rites 5.83 5.82 ° BOM SOr a7 +1 + 2 —25 
Asien cirete 5-91 5-99 ° 5.99 0.07 —13 ° SP 
2S 6.45 6.46 ° 6.46 Onke2 — I + 1 — 26 
Serena 6.45 6.47 ° 6.47 |—0.02 — 2 ° —26 
BS. 6.64 6.62 +1 67629|) 50.29 +1 + 2 —25 
Ir. 6.61 On77 -+1 6.78 Re —I7 +9 —50 
Osea 7 7.06 +1 7.07 0.06 + 4 ° —20 
Pisce als 7.41 7.26 ° 7206 0 nie +15 — iI — 8 
ar. 7.94 7.82 —I 7.81 I.59 +13 +10 —21 
Serer 8.32 8.18 +2 8.20 | 0.19 +12 +1 —13 
Bec 8.96 8.70 +1 8.71 I.40 +25 + 8 =a Yi 
Qeeciar 8.88 8.78 +1 8.79 | 0.07 +9 ° —15 
TOs Q.12 8.07 ° 8.97 0.05 +15 ° — 9 
4r. Q.22 9.05 fo) 9.05 0.96 +17 + 6 —13 
ULaye a 9.73 9.50 +2 (G52 O20 +21 + 1 —4 
Tiree 10.09 9.81 2 9.83 0.29 +26 + 2 ° 
sr 10.13 9.86 2 9.88 1.48 +25 +9 — 8 
4s IO. 25 10.07 —I TO, 00] 0-42 +19 + 2 — 7 
TZ enethere 10.53 LOn25 +1 10.26 | 0.16 +27 + 1 = 2 
6r 10.46 10.25 2 10.27 Tels +19 + 8 —13 
TArocrae 10.98 10.60 +2 10.62 0.44 +36 + 3 +9 
The 10.94 10.65 +1 10.66 I.04 +28 + 6 ——"2 
55 II.09 | 10.76 “+r UGG) || HOR E32 + 6 ae 2 
M6 bee DD,22 II.02 art LIPOZhesOn33) +19 a2 2 = 7 
6s DIAZ oa eere.OS si Ir.08 | 0.65 +30 +4 + 2 
8r IIl.44 II.I4 ° Beery I.00 -+-30 + 6 ° 
LOeetee Il.62 I1.34 I Lr.35 0.39 +27 + 2 + 
Te ets 11.87 I1.57 +4 Il.61 0.59 +26 + 4 — 2 

Ofitccalics excerenes Ir.64 +2 11.66 Es 20 va iicenrenerneees Si al coue resets 
AS ate 12.27 12.00 +3 T2-O3NOns9 +24 + 2 —2) 

nile 2a'8 Grolloxlome Ser 12.29 3 T2532 OFF2 Ia eee == Ale il ereeahaberets 
7s 12.61 12530 +3 TRA OT mOnse +19 + 3 — 8 
Lela ee 12.69 12.36 +3 T2530) Ora er +30 + 2 +4 
BOs eis bers I3.02 12.67 +3 1257 MeLOnon +32 + 3 +5 
PY ence 13).33 12.90 +9 TZ OOuOno5 +34 + 5 + 5 
lir 1322 12.91 —1I 127.008] ba £O =e = 7 —- 1 
PIKE Se 2 13.44 8G} NG +5 13.18 | 0.63 +26 + 4 — 2 
DB eters 13.60 13.28 +4 Tee32 0.50 +28 + 3 + 1 
tar 13.84 | 13.42 =c3 13-45 | 1.38 +39 +58 +7 
QAR erecns 13.93 13.58 +3 13.61 0.60 +32 +4 +4 
28) riers 14.08 13.81 +2 13.83 0.48 +25 —-33 — 2 
8s 14.49 | 14.14 +4 E4 er Sa enOn 7m argt Staal ar & 
20 isrssees 14.64 | 14.27 +4 1453E |) 0192 +33 + 6 + 3 
9s 14.75 | 14.41 +4 14.45 | ©.90 +30 =P se it 
27 14.91 14.63 +3 14.66 | 0.58 25 + 3 —2 
10s 15.29 | 14.96 +3 14.99 | 0.80 +30 ae & + 1 
IIs 15.31 14.99 +4 15.03 | 0.96 +28 + 6 2 
DISS aoe Gey 15.05 +3 15.08 | 0.73 +19 + 4 —9 
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TABLE I1I—Continued 


HH HHA 

Star MW HS minus HH CI mse minis estat 
HS HH H HHy 

12s 15.33 | 15.05 oy 15.08 | 0.64 +25 sak. =" 
13s 15.54 1 Ae +4 Teste E I.00 +33 + 6 Sess 
BO anee 15.82 15.60 +2 15.62 0.61 =- 20 + 4 = 
14s 15.99 | 15.69 are 15.72 | 0.92 1227 tan S53 
SOs on! 16.18 15.98 +2 16.00 | 0.74 spins = 74) —10 
BT ce. 16.41 16.16 +2 16.18 | 0.79 +23 “5 —6 
15s 16.57 16.36 +1 TORS 7 EOLCO +20 +5 (6) 
cg es 16.76 16.56 +1 Tons 7 1.18 +19 +7 —I2 
16s 16.86 16.66 +1 16.67 1.36 +19 + 8 Sg 
Bor te ce 17.06 16.90 +2 16.92 I.09 +14 + 7 17, 
Bes Eero 17.05 +1 17.06 I.30 +13 ae 1K) 
BAne es 17.24 17.19 ° 17.19 | 0.95 +5 + 6 —25 
Rect 17.63 17.44 +2 17.46 0.69 +17 + 4 —II 
BO 17.78 17.69 =—1I 17.68 0.98 +10 + 6 —20 
CUA 18.01 17.88 —I 17.87 i520 +14 + 7 —17 
18s 17.94 17.85 —2 17.83 1.03 +11 + 6 —19 
Soses5 18.20 18.25 —2 18.23 1.15 = % se ¥ —34 
ros 18.16 18.44 —3 18.41 favo —=25 ap 4 —56 
BONS x 18.58 18.61 —3 18.58 I.45 ° +9 —33 
205 18.60 18.64 —3 18.61 I.41 =i + 8 S38) 
21s 18.66 18.82 —4 18.78 T3353 2 am ts —44 
225 18.75 18.87 —4 18.83 1.62 — 8 +10 —42 
238 18.70 19.05 —5 19.00 1.29 —=30 apr te) —062 
245 18.88 18.96 —8 18.88 1.54 ° +9 —33 
AON a 18.87 18.97 —4 18.93 1.58 —-6 ae © —39 
25S ae eEO Ode) tOnns =—5 19.06 1.46 0 +9 —55 
vl eee 19.02 Ig.22 —5 19.17 55 — rs +9 —48 


and MW for the bright stars. Thus the unexplained difference 
between the sixth and tenth magnitudes has been reduced from 
0.40 mag.* to 0.24 mag. 

We now turn to the question whether this remaining divergence, 
as well as that for the faint stars, is capable of further reduction. 
In accordance with the explanation on p. 2 we adopt for this inves- 
tigation, as accurately known, the HH magnitudes between ten and 
fifteen, and proceed first to an extension of this scale in the direction 
of the brighter stars. 


III. THE DIVERGENCE FOR THE BRIGHT STARS 


An examination of Table I shows that the groups of observations 
there listed may be classified as follows: (a) Groups 1-4 and 14, 
including stars brighter than the ninth magnitude (approximately) ; 


I Mt. Wilson Contr., No. 97, p. 16; Astrophysical Journal, 41, 221, 1915. 
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(b) Groups 6-8, 16, and 17, including stars fainter than the ninth 
magnitude; (c) Groups 5, 9-13, and 15, which connect the results 
from (0) with those of (a). 

The range in (c) is from about the third to the fourteenth or 
fifteenth magnitudes. The zero-point of the magnitudes fainter 
than 9 depends wholly upon the connecting groups in this division. 
Groups 18-20 include the fainter stars and are not considered here. 

Since the Harvard scale, except for accidental errors, depends 
exclusively upon the observations of Section A, it is necessary to 
examine in detail the data for the above-mentioned groups. These 
we now consider in the order specified. 

a) Groups 1-4 and 14 

The reductions for this division have not been carefully examined 
as it is not possible to apply here independent methods of reduction; 
moreover, the data are not always accessible. The agreement for 
the different groups is good (see residuals L, 187), although indi- 
vidual plates are sometimes rather discordant (L, 153). One would 
anticipate that accordance of results by such widely different 
methods as varying foci, Iceland spar, and circular diaphragms 
would be strong evidence of a high degree of precision in the mean 
scale. But we also find close agreement among the Géttingen, 
Yerkes, and Mount Wilson results’ for this region (4.0-7.5), and yet 
these three series of magnitudes show a mean divergence of about 
6 per cent from the Harvard scale. 

It is of interest to note that the same divergence between Har- 
vard and Géttingen appears when the results for the Pleiades are 
compared. The Harvard magnitudes for the latter region were 
derived from Iceland spar and prismatic companion-plates (L, 53, 
154,176) and have been used for the reduction of Groups 3 and 13 
of the Polar Sequence. Their deviations from the Gottingen results 
are shown in the fifth column of Table IV. Inasmuch as the Got- 
tingen series? does not include fainter stars, I have extended the 
scale to the ninth magnitude with the aid of Schwarzschild’s Vienna 
observations.3 


t Mt. Wilson Contr., No. 97. 2 Aktinometrie, B, p. 14, 1912. 


3“Beitrége zur photographischen Photometrie der Gestirne,” Publ. der von 
Kuffner’schen Sternwarte, 5, 62, 1900. 
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For further comparison, Hertzsprung’s magnitudes™ of the 
brighter Pleiades stars (diminished by 0.26 mag.) are also in- 
cluded in Table IV. Although derived by different methods, the 
Géttingen and Hertzsprung series are in close agreement, and hence 
the latter also shows the characteristic deviation from Harvard. 


TABLE IV 


COMPARISON OF SCALES FOR THE PLEIADES 


Harvard No. | Bessel No.| Gétt. Hertz. | Gétt.—H. |Hertz.—H. 
1 Pee n 2.87 2.85 —14 —16 
Bias sieree ws i oy) 3-59 — 9 — 7 
Bcc ehereriees b 3-59 3.67 — 8 ° 
is Fain ec ererns C 3.82 3.85 —12 — 9 
Bere nae d 4.21 4.13 —7 —15 
O6 hia € ie? 4.20 —7 — 9 
TI ae h PW 0y. BM | Seen EPA nv aaeaten. 
GS eontew sia g Sey) 5.38 + 5 + 6 
Oe sic slelee k 5.69 5.70 — 3 — 2 
TO ayers istic 1 6.35 6.34 + 4 + 3 
Op Paes Sm errs 24 6.84 6.87 + 3 + 6 
TO ee 29 GaO2 7.01 + 2 + 1 
EZ sere fyeres eye 4 Tas Ties) — 1 + 2 
1 Nee oan Io 7.43 7.38 + 6 + 1 
TRS fuss scae ote 39 Wessel ho? +16 +11 
EO Avge ero Meus 37 Ta7O: TNS +14 — I 
TF ci teen essa 33 Seas 8.14 +16 +15 
LOA rset sweilettte es ave | Stereos SOF Beye. arecers +28 
TO nyse soaks 21 8.94 8.82 +25 13 
DO iste arose | eonclera wisi eaters rate Se OO vera! eters ae 
DT srels Giaieictee 2 9.00 8.95 Elana +9 
22 eis yalnus os 36 9.26 9.10 +10 — 6 


Some caution must be exercised, however, in judging of scale differ- 
ences in cases like the present, for there is a progressive change in 
color with increasing magnitude, and hence a possibility of con- 
fusing a color-equation with differences in scale. An examination 
of the circumstances seems to exclude such an explanation, however. 


b) Groups 6-8, 16, and 17 


As the scales established by these groups usually begin at the 
ninth magnitude, they cover but one magnitude of the divergent 
region which includes the brighter stars. The calculation for the 


t Astronomische Nachrichten, 186, 181, 1910. 
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few stars falling within this interval is easily controlled with the 
aid of the adopted magnitudes in the region 10-15. 

The plates show at least two exposures—full aperture (a) and 
reduced aperture (b). The Harvard scale readings for (a) and (0) 
were plotted against the adopted magnitudes as ordinates, begin- 
ning in each case with Star 13 (10.26). The two curves thus 
defined should be parallel, and the difference in corresponding ordi- 
nates should equal the reduction constant Am. Any deviation 
from parallelism, or any lack of agreement with the adopted con- 
stant Am, indicates an abnormality which must affect the scale 
derived from the plate in question. Non-parallelism of the curves 
signifies differences in gradation for the two exposures. Lack of 
equality between the ordinate-difference and Am means that the 
effective reduction-constant differs from the adopted value. This 
may be caused by changes in transparency or in the sensitiveness 
of the plate during the exposures. With the method of reduction 
here used this is of no consequence, for as long as the curves are 
parallel, or nearly so, it is only necessary to displace the a-curve 
vertically until it coincides with the b-curve. This automatically 
extends the b-curve into the region of smaller scale-readings and 
gives a curve from which the magnitudes of the brighter stars of 
the b-exposure may be interpolated. The results are independent 
of changes in transparency, of the phenomenon affecting first and 
last exposures,’ and of errors in the adopted reduction-constants. 

By an extension of this process it is also possible to make use 
of scale-readings upon the images of the bright stars shown by the 
a-exposure, when such are present. This tends to diminish the 
accidental errors, but does not otherwise contribute toward a knowl- 
edge of the scale. A complete reduction of all the plates was made 
by both processes before the necessity of a detailed examination of 
the influence of color became apparent, although only the results 
by the simpler process first outlined have been used. A third 
reduction was subsequently made for Groups 6 and 7, which relate 
to the Metcalf 16-inch and are most likely to be influenced by color. 
But inasmuch as the first two reductions had been based upon 
white stars alone, the final reduction of Groups 6 and 7, in which 

* Mt. Wilson Conir., No. 64, p. 7; Astrophysical Journal, 36, 374, 1912. 
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the influence of color was taken into account, made no appreciable 
difference. 

Nearly all of the plates in the five groups of this division appear 
to be of very satisfactory quality. The magnitude-curves deviate 
from parallelism by only a few hundredths of a magnitude, and in 
all cases the calculated reduction-constant is nearly equal to the 
value adopted by Miss Leavitt. 

The results for each plate are shown in Table V in the form of 
corrections to the HH magnitudes of Table III. The last two lines 
exhibit the agreement between the observed and the theoretical 
reduction-constants. The first series of values for Plate 229 depends 
upon the mean of two reduced-aperture exposures with screens C 
and D, respectively (L, 159), and has accordingly been given double 
weight. Plate 186 has also received double weight because of 
exceptional quality (L, 63) and duplicate measures. In addition 
to the four stars listed in Table V, corrections were derived from 
Plate 248 for four others as follows: 

No. 6, —21; No. 27, —29; No. 8, —24; No. 9, —24 

The mean corrections are characterized by a rather marked per- 
sistence of the negative sign. The probable errors, which are 
expressed in thousandths of a magnitude, suggest that the HH 
magnitude for Star 10, and perhaps that for No. 12, actually require 
small corrections. 


c) The Connecting Groups 5, 9-13, and 15 


We now consider the important groups connecting the bright 
stars with those fainter than the tenth magnitude. With the 
exception of Group 13, the data have been independently reduced, 
partly by methods equivalent to those used by Miss Leavitt, and 
partly by other processes. 

Group 5 (wire screen B2, Am= 2.50, on 1-inch Cooke anastigmat, 
two exposures of 30™).—Since the faintest star registered on the 
three plates of this group is 11.2, the magnitudes between 10 and 
15 are of no assistance in deriving the scale or in testing the value 
of the reduction-constant. The usual method of reduction* has 
therefore been applied. 

t Mt. Wilson Contr., No. 80, p. 24; Astrophysical Journal, 39, 33°, 1914. 
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Although there are differences for individual plates, the mean 
scale for the group is substantially that found by Miss Leavitt, from 
which it may be inferred that our reduction-processes are equivalent. 
The zero-point was determined by making the mean magnitudes of 
the eight or ten stars fainter than magnitude 10 equal to the mean 
of the corresponding HH magnitudes. For stars brighter than 
magnitude ito there is a preponderance of negative corrections 
(i.e., the HH magnitudes are relatively too faint) and a divergence 
in the direction of the Mount Wilson results (compare residuals, 
155187). 

A point of fundamental importance is the reduction-constant, 
which was calculated from the measured dimensions of the mesh on 
the assumption that the absorption in magnitudes for point sources 
is twice that for luminous surfaces. The screen is of rather fine wire 
gauze (L, 159): wires 0.0940 mm, spaces 0.1206 mm), and for 
dimensions such as these the assumption that the constant, Am, is 
twice the absorption for luminous surfaces is not entirely justifiable. 
Du Bois and Rubens have investigated the question’ and their 
results indicate that for this case the double of the absorption for 
surfaces should be increased by 0.05 mag., in order to obtain the 
constant for point-sources. This correction makes the magnitudes 
of the bright stars relatively brighter, the change between 6 and 
ro being 1.6 times the correction, or 0.08 mag. The final results, 
which are based upon the revised constant (Am=2.55), appear in 
the fourth column of Table X. As before, they are expressed as 
corrections which, applied to the HH magnitudes, will yield the 
values derived from the re-reduction of the group. 

Groups 9-12 (prismatic companions, with the 8-inch Draper 
telescope).—For Groups 9-11, the exposures, with one exception, 
were 10". For Group 12, they were 60™, excepting two plates 
which received 93™ and 120”, respectively. The reduction-constant 
calculated from the clear aperture of the prism (cemented to the 
center of the objective) and the unobstructed area of the objec- 
tive is 5.10 magnitudes. This requires correction for differential 
absorption owing to the different thicknesses of glass traversed by 
the two beams—that directly transmitted and that deflected by the 


t Annalen der Physik, 49, 593, 1893. 
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prism. It was not found possible to determine this directly, and 
in consequence the following procedure was adopted (L, 172): 


It was shown above that the center of the objective of the 11-inch Tele- 
scope transmits more light than the average for the entire lens by at least 
o.1 magn. If we assume a similar effect in both the lenses of which the 8-inch 
Draper Doublet is composed, we shall have a correction of —o.2 magn. to the 
computed difference. On the other hand, we may allow a loss of light of 0.1 
magn. arising from the reflection and absorption of the small prism. The 
adopted difference is 5.1-0.2+0.1=5.0. 


The fact that the absorption for the center of the 11-inch 
Draper objective is less than the average for the whole objective 
indicates that the main factor involved is not absorption in the 
ordinary sense, but residual aberrations in the optical system. 
These, however, are peculiar to each instrument; and the assump- 
tion that what applies to the 11-inch Draper also applies, and in the 
manner indicated, to the 8-inch instrument, seems open to question. 
One is therefore inclined to suppose that the adopted value of the 
constant is subject to some uncertainty. The circumstance is 
unfortunate, as the bulk of the material (23 plates) connecting the 
fainter stars with the international zero-point is contained in these 
four groups. 

The matter is further complicated by the fact that the reduction 
of plates involving so large a constant presents special difficulties. 
These are pointed out by Miss Leavitt, and to meet them in so far 
as possible she has employed a special process (L, 147). 

The uncertainty arising from this source can now be removed 
by a method similar to that described on p. 12. With the aid of 
the adopted scale between ro and 15 we can derive for the brighter 
stars magnitudes which are free from systematic errors arising from 
the reduction-process; but in this instance we are obliged to assume 
the validity of the reduction-constant, for only a few of the brighter 
stars of known magnitude show prismatic companions. 

We plot the scale-readings of the primary exposures against the 
HH magnitudes which are fainter than 10, and read from the curve 
thus defined the magnitudes corresponding to the scale-readings of 
the prismatic companions. The subtraction of five magnitudes 
from each value gives the required results. Prismatic companion 
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readings which do not fall within the limits of the curve cannot at 
once be utilized. Nor can the readings upon bright stars of the 
primary exposure be used directly; but by plotting these against 
the corresponding magnitiides found by the process just described, 
a curve will be defined which should be an extension of that origi- 
nally drawn. If, however, an erroneous value of Am has been used, 
or if there are differences of gradation between the two exposures, 
a discontinuity will occur, and the curves must be adjusted so that 
a smooth junction is effected. 

The use of the adjusted curves tends to eliminate gradation- 
differences and reduce the accidental errors of observation, but in 
the mean of several plates probably does not materially affect the 
result. They have not been used in the present case, because the 
majority of the bright stars are beyond the limit of distance from 
the center of the plate for which the primary images may be used, 
and, further, because it was desired to bring into view any pecu- 
liarities affecting the method of prismatic companions. 

The corrections to the HH magnitudes for the individual plates 
of the four groups are in Tables VI and VII. The preponderance. 
of negative signs is at once evident and indicates a systematic differ- 
ence between the results of the present reduction and that of Miss 
Leavitt. The difference appears clearly in the mean residuals for 
Groups 9-11, although not in those of Group 12 (Table VIII). For 
individual plates, the difference is not constant, but shows a marked 
progression—see, for example, Plate 84 of Group 9 and Plate 116 
of Group 12—which suggests either differences in gradation between 
the two series of images or systematic errors of measurement which 
easily arise when the secondary images are not closely comparable 
with those of the primary series. A difference in the slope of the 
HH scale for the bright stars as compared with that in region of 
magnitudes 10 to 15 would also produce a progressive change in the 
residuals; but any such progression would be the same for all the 
plates. 

The systematic difference between the mean residuals for Groups 
g-11 and Group 12 is rather remarkable. Two circumstances may 
be noted: first, the average exposure-time for the last group was 
about six times that for the others, and, second, four of the plates of 
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Group 12 either presented some abnormality or were difficult to 


measure (L, 102, remarks). 


TABLE VI 


RESMUALS, GROUPS 9 AND I0 


On the other hand, Plates 98 and 103 


Group 9 Group ro 
Star 
84 85 04 95 104 105 106 107 113 118 
2S Sears rag to 18 | 8 |) OL] Se Slee o crellereveteteenn te corenerete |(etereyatets:|(eneneetete 
Bea ametaneaet +13 | +1] +11 | + 6} —23 | —34 | —27 | —27 | —17| + 6 
Oxtemarsistecs +i5 | + 1] —13 | —14] +16] —29 | + 2 | —23 | —13 | +14 
TR ehteheeyer +16 | —24 | —23 | +32] — 4]|...... —18 | —27 | —18 | —13 
PEE BAO TO ia Tielman Gl il Aer waeae —25 | +9] —26| —13 | —13 
Site sects —24 | —22| —20| —sr}| —7/—5/]—5]-—6]—30/+ 7 
BF eae at SY Bl \iicet 6 Ol (ee ey el dll ome allo dono cll oda oloonatallacooso 
Qik a! se —14| — 9 | —22| —10| — 7 | + 8 | —212 | —48| +5] — 3 
TOnc eercnre —43| —6|—9]| —41 | —16 | —18 | —19 | — 5| + 9| —28 
PO. OR SCRE OCC — 4] —37| —5]|—19 | —32] —47|—-—7]|-— 5 
1 eae —=25 | +15|+7);-—8 Ohlsen 12 || HEL) foeyoiettene —33 
Li2h ravens hell diese exe SSS eS SES ea Peas) neheeters == 20.5 —=3O)iI|(aie sraveis'|verettetes 
Ba tane yok | fake, wes te boi] Susrae cx oil S euenerees eat Sk ne Aran Pee A cislinicic aoc oom ceo ec 
ASME Aries) aveee teal creer a Sate sore cant Y Aa Cee oy S.coons Ccoslacls acco Shade 0-0 
TABLE VII 
RESIDUALS, GROUPS II AND 12 
Group 11 Group 12 

Star 
07 98 99 103 109 108 II4 121 148 150 IIgs Ir6 | 117 
2Sveralcntoners —— DAM ete as ere ST ee malate earn oe pe DA laid Ae Ne oreyere ly are Gone Ke ees tell eee 
porate =2T |e. wu. —21 |—42 |+23 |+ 1 |+23 |+37 |+68 I+ 5 |—14 I+ 3 
Nei cece into ober fis sucisssillevat are! ci| reteset Sree = 33 llc tate lies eeramee wel lavererers le coererel | ert 
6....+ 8 |—27 |—41 |—12 |+ 4 |+12 o |+25 |—11 |+20 |+18 |—21 |+ 4 
Maye la fas {0 ¥ etic Seay fills eee al) HIG Key [len Sh slloau's Allo naw Ou aise 
2r..|+19 |~-10 |—26 |—33 |+ 6]..... = FTE ital errors tearm = 3-3) ae, 
8.../+14 |—20 |— 4 |—54 |— 5 |—29 |— 9 |+24 |+26 |+ 9 |—22 |+11 |— 4 
BP all esaye to —=wAS ileuereters =a Ana epee =a Fall cee Gry. 4 il Gere ccs ty oss beer onc +73 ve 
worse Culcce on = T|=30) |-- 8S — Te | — Tose o |—18 |—17 |+ 5 |— 3 
10.../=27 |=12 |— 9 |— 4 |-++2x |—13 |-+- 2 |—14 |= 9 |-+ 1 |— 8 |— 2 |-+10 
Afraalsteisters == AU liaterouet SSN Wi cnet ey | Gy is loc aoe — 6 |+13 |+32 
Pil deys escort | Sastre —13 |—35 |—12 |— 4 |—21 |+ 4 |+25 |— 6 |— 8 |+ 6 |+20 
TQ icyern|ereeere |lerseeorel eee erates neve ail eras om —44 |+14 |— 6 |+13 |+ § |-—29 |— 1 [4 1 
BF a aillscsroba 5 || tats efell bates l'ccen cia | eesteee +16 |..... <P T5 || haere [bpeeeecenl| ote eae rt aN VP Ae 
AS ral Mkedsle eee lege Moule astaral a ates = 30) (12) | 22 seo) | Sng ka ey 
were measured more than the usual number of times and by two 


different observers (L, 62, 63). 
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One is tempted to speculate as to the possibility of an influence 
depending upon exposure-time, for it is conceivable that the image 
of a prismatic companion might increase in diameter with increasing 
exposure at a rate different from that of the image produced by 
the remainder of the objective; but the data are too slender to 
permit any definite conclusion. 

Group 13.—The results from this group were obtained by com- 
parisons of the Pole with the Pleiades, for which a scale was estab- 
lished by the method of prismatic companions. As there are no 


TABLE VIII 


MEAN RESIDUALS, GROUPS 9-12 


Mean Residuals 
Star HH Mag. No. Values |Wtd.Mean| P.E.|] Wt. 
9 Io II 12 
SF oxeva versa. 6246) 5 Ole eee Sis Se) | yh Bae ae Zh || terete: 8 
Gr fetch ee one vene 6.47 |=--2 |—20 |—18 |--13 | 5; 5, 4, 8 — Ot 035 22 
18 AO ACN cae OCFO 2a auileeaee alspestes — 33 | OO, Orn — 99 eee I 
OS ae aaecaiome 7507) | 6 En—TOn| DAG Ome Se Sar5 yr —-3 027 23 
Weng Shoe se 720s iT —— On| =e eS meer Ane A On O34 |r O 
PLES Cpe Ot Oe 7.O8 |—FZ |—TA (— 9) ||—sa 4525, 5,5 = ® 024 19 
Oilers rate orsia S220 25 Oa TAG =| Ea lle s05 55570 —I0o | 028 23 
BPG eee Sc 7 Een LOn tiers — EG 3154 10,.28-5 —12 035 9 
lar cuasaisnts,e's S270\ |—=12 >| —109|— 5 | — 9 | 535, 45,0 — 8 | O19 22 
TOS svete tases 8.97 |—23 ;—-12 |— 6 ;— 3] 5,5,5,8 —I0 | 020 23 
APs wie isiioneis; = 9.05 |—T5 |—22 |—15 C) || 5 Bp —I2 035 17 
BIE ois siceiisiie case op 9.52 |— 2 |—26 |—20 |+ 2] 5,3,3,8 — 7 | 026 19 
ED cnalle aislielle. 3) O29 =O |S 2a pea ee — 61 3,2,0,8 —II 037 13 
I Reve PRE eTCee Or SO == LOG as cteili Serene Sr @) || sy Ch ey 2 —-- 2 046 4 
AS eectete seis TOLOOe | |e 07) |e Al acre —14 | 1,0,0,8 —14 O4t 9 
Me atiiegenis ehac sie ices — 9 |—16 |—12 ° -— 7 


Mount Wilson results for the Pleiades, a direct comparison cannot 
be made, but the divergence of the Harvard magnitudes for this 
region from those of Géttingen and Potsdam has already been 
referred to in connection with Table IV. As the method used for 
Groups 9-12 and several of the plates included in Group 11 (Nos. 
97-99, 103) were also used for Group 13, it is to be inferred that the 
results found above also apply here. 

Group 15.—This includes four plates taken with a circular dia- 
phragm of 9.3 mm placed centrally over the 26.5 mm objective of 
a Cooke anastigmat. Two exposures of 45™ were made on each 
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plate. The calculated constant, 2.28 magnitudes, was used with- 
out correction for differential absorption within the objective. A 
re-reduction by the normal method, using the foregoing value of the 
constant, gives substantially the result found by Miss Leavitt. 
For two of the plates, however, the deviations are very large (see 
residuals, L, 178). 

To test further the agreement with the HH scale, readings for 
both diaphragm and full aperture exposures were plotted against 
the HH magnitudes, using all the stars measured. From the two 
curves thus defined were read the differences in the ordinates 
for each half-interval of scale-reading. The deviations of these 
observed values of Am from the adopted constant are shown in 
Table IX. The agreement for Plate 54 alone is really satisfactory, 


TABLE IX 


GRouUP 15, OBSERVED Am—ADOoPTED Am 


Scale Reading | Plate 54 | Plate 55 | Plate 56 | Plate 58 
Piero) Weta a Coren ett d S23 ail shetty 6 eileen men ae 
DeSie iae wen tin samen 18) || aca an meal tisk MOS 
AOlve an tele +7 —21 = 2O Sill eheretece eee 
Aun b late cxeers +4 —23 =-2O I oeecccne ais 
5 yO tra peserens +2 —26 +12 +49 
BN Grates enters +2 — 26 + 5 +46 
Ons ae +2 —28 + 6 +42 
OSS ce. ee — 28 ° +42 
TOM ear ies — 28 + 3 +41 
Tea ote ete —5 —20 ar & 32 
SiOmerreee —3 —16 + 7 +16 
Siig Mareen —4 —13 +17 — 8 
ON Olas estate —4 ° “22 —13 
Oe Sees uae —6 +11 +12 — 8 
TO AO pee tcwe ens ° +16 — 3 + 2 


while Plates 55 and 58 are seriously discordant. Although the 
errors for these two balance each other, they reduce considerably 
the weight of the mean scale for the group. Changes in the 
observed reduction-constant of the character of those shown in 
Table IX are an indication of differences in gradation or of lack of 
comparability in the two series of images. Their appearance in the 
present instance is not surprising in view of the long exposures 
involved. In addition to these irregularities there is the uncer- 
tainty in the reduction-constant arising from differential absorption, 
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so that Group 15 contributes little weight to the determination of 
the scale. 

Summary for plates connecting bright stars with those fainter than 
the tenth magnitude ——The preceding paragraph completes the dis- 
cussion of the data which connect the faint stars with those in the 
vicinity of the sixth or seventh magnitude. As the zero-point for 
all the fainter objects must be derived through this connection, its 
importance for the final scale is obvious. In the region covered 
there is considerable difference between the HH and MW scales, 
and the data and reductions have been examined for evidence which 
might afford an explanation of the divergence. The following 
summarizes the results: 

Three methods have been employed—a wire gauze screen, pris- 
matic companions, and a circular diaphragm. In none of these is 
it clear that the reduction-constant is certainly free from suspicion. 
That of the screen is derived from measures of the mesh and 
apparently requires a correction of +0.05 magnitude. In the case 
of the other two methods, differential absorption in the objective 
is not wholly accounted for; for the prismatic-companion plates a 
correction of doubtful validity is used, while for the diaphragm 
plates the effect is disregarded altogether. As for the prismatic 
companion constant, the error is probably small in spite of the 
assumptions involved, otherwise the portion of the scale below the 
tenth magnitude thus established would not agree so well with the 
HH scale, which in this region must be accepted as substantially 
correct. . 

With the revised screen-constant, we find that the scale thus 
established agrees closely with MW (compare MW— HH, Table III, 
with corrections in the fourth column of Table X). Re-reducing 
the prismatic companion plates with the aid of the adopted scale 
from 10 to 15, we find a systematic deviation from the Harvard 
Homogeneous Scale in the direction of the Mount Wilson results, 
but less, in the mean, than the differences between HH and MW. 
The examination of the diaphragm plates in Group 15 shows that 
the mean result agrees well with HH; but two of the plates show 
serious internal inconsistencies. On the whole, the re-reduction 
of the connecting plates points toward the necessity for some 
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correction of the HH scale in the region of the brighter stars. 
The indicated change is in the same direction as that derived by 
comparison with MW, but somewhat less in amount. 


d) Results of the Re-reduction 


The corrections to the HH magnitudes found in sections a), 0), 
and c) for all of the groups re-reduced excepting No. 15 are brought 
together in Table X, their relative weights (number of values) 


TABLE X 


CoLLECTED RESULTS OF RE-REDUCTION—COoRRECTIONS TO HH MacGNnitTuDES 


RE-REDUCTION minus HH MW 

Star HH Wt psi é minus 

° Mag Wtd. Z HH Re-reduc- 
Gr. 9-12 Wenn Ww tion 

ESois[ qh 2.79) sereramciia-tal S543) bane aeteiae =53 cl i er Ea, 
ie ASS. S| ris eleteesccets |= 3.3903)) Herne een hee —33 3 —40 -— 7 
2. Haste Wooton oocel Sec scabodcocc —20 3 —25 Se is 
Ber SOR il ekeeelelars cescel = ZOU Sn enter aere —20 3 215 a5 
ee ROO Nerd: oate eev.ciseclie ae 2003) | eon coeeee —20 3 —32 —12 
2S. 6.46 + 4(8)| — 2 II —26 —24 
Geo 6.47 — 1(22)/ —4 25 — 26 —22 
BS. ORO Ze liscs.steruevenonel| a SA) Beever ere —15 3 —25 —10 
Pe 6.78 —33(1)| —23 4 —50 —27 
Ome 7.07 — 3 (23)|— 5] 27 —20 —15 
ee 7.26 — 6 (16) | — 6 19 — 8 —2 
or. 7.81 — 9(19)| —10]}] 23 —21 —II 
Sian 8.20 —t10 (23) | — 9 27 —13 —4 
i 8.71 —12(9)| —10 I2 — 7 +3 
Ole 8.79 — 8(22)| —10| 26 —I15 — 5 
I0.. 8.97 —1I0 (23) | —10] 45 — 9 + 1 
4r. 9.05 —12 (17) | —12 20 —13 — I 
Lien 9.52 SERATO aes ans ae ° 
12 9.83 —11 (13) | — 6] 35 ° + 6 
Sr. 9.88 Ge a ar Oil a Be 7 — 8 — 6 
4s. 10.00 —14(9)|} — 8 23 —7 + 1 


being indicated by the quantities in parentheses. Had Group 15 
been included, several of the mean corrections in the sixth column 
would have been decreased one- or two-hundredths of a magnitude; 
but this change probably would have been offset by one in the 
opposite direction had it been possible to reduce Group 13 by the 
foregoing methods. In view of the uncertainties affecting Group 15 
it is likely that the results are more reliable as they stand. 
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The agreement from the seventh magnitude downward of the 
third, fourth, and fifth columns seems to show pretty clearly the 
necessity for corrections of the order indicated; but the relation 
of the fainter HH magnitudes to the international zero-point is 
unfortunately less definitely established. The results from the 
prismatic-companion plates (Groups 9-12), which are the most 
numerous of all the connecting plates, become relatively uncertain 
just at the critical point, for here the magnitudes are at the end of 
the scale derived from these groups. The only groups in Miss 
Leavitt’s data which satisfactorily cover the questionable region are 
Nos. 3, 5,13, and15. ‘The last appears to be unreliable for reasons 
given above. Nos. 3 and 13 involve comparisons with the Pleiades, 
and, although accordant with each other, do not agree with the 
results from Group 5. 

The corrections in the sixth column, with the exception of that 
for Star 12, are all such as to decrease the outstanding differences 
between MW and HH. With the corrections included, the com- 
parison with MW is as shown in the last column of Table X. The 
MW scale is therefore in agreement with the results of the re- 
reduction of the Harvard data from about the eighth magnitude 
downward. Above the seventh magnitude the differences are 
uncertain, either because of the small number of observations 
included in the re-reduction or because the calculated magnitudes 
are at the extremity of the scale which they define. 


IV. THE DIVERGENCE FOR THE FAINT STARS 


The large difference between the Harvard and Mount Wilson 
results for the faint stars (see Table III above, or, better, Table IX, 
Mt. Wilson Contr., No. 97) is to be ascribed to two circumstances: 
(a) the neglect of the distance-correction in reducing the MW 
plates which enter into the Harvard discussion; (0) the application 
of a correction to the majority of these plates to allow for the order 
of exposure. 


a) Effect of Distance-Correction 
When the Mount Wilson plates were reduced by Miss Leavitt 


the values of the distance-correction were not yet available. In 
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consequence, an attempt was made to avoid the difficulty by includ- 
ing only stars which were within a limited distance of the center of 
the plate (L, 140). Subsequently some of the plates were re- 
reduced by Miss Leavitt, using values of the correction which in 
the meantime had been determined at Mount Wilson, but without 
finding any important modification of the results (loc. cit.). 

The amount of the correction is, however, not negligible. The 
matter is most easily illustrated in connection with Group 18, as in 
other particulars these plates were similarly treated in both the 
Harvard and Mount Wilson reductions. The values for this group 
given by Miss Leavitt on p. 189 are referred to the zero-point of the 
provisional magnitudes on p. 141 (L, 180); but it is convenient to 
reduce them to the zero-point defined by the Mount Wilson magni- 
tudes between 10 and 15. When this has been done the difference 
between Group 18 and the corresponding portion of the Mount 
Wilson scale will be of the form 


MW -—(18)s=MW-—(18)+D.C. 


in which (18) represents Miss Leavitt’s values for Group 18 cor- 
rected for zero-point, while (18) is what would have been obtained 
had the distance-correction been applied. The subtraction of the 
term D.C. will therefore leave MW —(18), which represents the 
difference between MW and the Harvard reduction after revision 
for distance-error. 

The zero-point correction is found to be 0.39 mag. and its 
application to the magnitudes in L, 189, gives the quantities in the 
second column of Table XI. Values in parentheses are relatively 
uncertain. The deviations from MW are in the third column; it 
is seen at a glance that these are very similar to the distance- 
corrections in the following column, which have been derived from 
the Mount Wilson reduction tables. The differences between MW 
and (18) corrected for D.C. (in the last column) have a mean value 
of —o.04 magnitude; but, it is found from Table XII, Mt. Wilson 
Conir., No. 97, that the weighted systematic deviation of the Mount 
Wilson reduction of Group 18 (Plates 196, 200, 204) from the final 
Mount Wilson scale is —o.03 magnitude. The neglected distance- 
correction, therefore, completely accounts for the difference between 
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the Harvard and Mount Wilson reductions. Similar differences 

also affect the plates comprising Groups 19 and 20, but it does not 

seem necessary to make a detailed comparison. The effect upon 
TABLE XI 


EFFECT OF DISTANCE-CORRECTION 


Star Gr. 18++0.39 MW —(18)_ D.C, MW —(x8) 
SaaS Wokeeca ieee Sere 16.35 + 6 ae —1 
UGS ect eh A 16.59 — 2 + 2 —4 
Gerald isvecteera sare 16.89 13 ° —13 
OSs tewaerts ate rope che 17.00 —20 + 2 —22 
Selo 45 cos aaa 17.26 20 = Sky 
Ty Metis Set OO IOeaC 17.39 —=20 —25 + 5 
Cy. eee Se nae 17.43 —I9 —12 — 7 
BR nie rans ones eevee 17.64 — 1 —2t +20 
BO acc iwia ea rarate 17.86 — 8 —23 +15 
Bi io 5 Sr UI Bee 18.21 —20 17 — 3 
ROS ren yee ela (18.21) (—27) —30 (+ 3) 
BOM seth een 18.44 —24 — 26 2 
HOS a Oe Saves cee 18.62 —46 —46 ° 
SO aS Ct eS 18.67 _ — 28 +19 
ZOSTY Pnen os a (19.06) (—46) —II (—35) 
PAR Os ORO ROI 18.98 —32 —34 2 
DOS veto sien ses 18.93 —18 —I5 _ 
AEE hee TERED (19.32) (—62) —45 (—17) 
TS Bee ese (19.25) (—37) —25 (—12) 
BOM Re aa sheen IQ.09 —22 —12 —I0 
DES shaporel icin tel stonols's 19.34 Saxe —16 20 
Up lcteoneiaie vn Sievers « 19.32 —30 —12 —18 
IWieans is, o.je-s6%e —I19 —I5 — 4 


the scale begins to be appreciable at about the sixteenth magnitude, 
and gradually increases to a maximum of about o.4 magnitude for 
the faintest and least favorably situated stars. 


b) Correction for Order of Exposure 


From the data used by Miss Leavitt it appears that when several 
exposures are made upon the same plate, the first and last being 
short and equal, the images of the first exposure are generally 
brighter than those of the last. The mean difference she finds to 
be about a quarter of a magnitude. 

The question thus raised is of great importance for the reduction 
of plates involving successive exposures, for it has a direct and 
important effect upon the scale. A symmetrical arrangement of 
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the exposures, or, failing this, a correction depending upon the 
order of exposure, immediately suggests itself as a means of elimi- 
nating the disturbance. 

This, however, assumes that the phenomenon develops propor- 
tionally to the time, which in the absence of more definite informa- 
tion is a perfectly natural supposition. Miss Leavitt has followed 
this procedure, and accordingly plates MW 196, 200, 204 (Group 
18), for which the arrangement of exposures was symmetrical, 
received no correction. The plates of Groups 19 and 20 (MW 230, 
232, 235, and MW 310, 312, 313), however, were not symmetrical 
in their arrangement, and have therefore been corrected on the basis 
of systematic differences derived from the short preliminary and 
supplementary exposures impressed on each plate. 

The values of the measured differences between first and last 
exposures and the fractional part applied to the images of each 
of the principal exposures are shown on pp. 122 and 124 of her 
memoir. As the order of the principal exposures on all of the 
plates in question was the same, namely, full aperture followed by 
reduced aperture, the correction always modifies the results in the 
same direction; the difference in the images with full and reduced 
aperture is diminished, so that in calculating the scale the faint 
magnitudes become relatively fainter than they otherwise would 
have been. 

No extensive calculation is required to show how the correction 
has modified the results from Groups 19 and 20, for a direct indica- 
tion is afforded by the details in Miss Leavitt’s discussion. It was 
found that the short supplementary exposure on one of the plates 
(MW 310, H 285) in Group 20 could not be measured, and in conse- 
quence no correction was applied (L, 182). The other plates (MW 
312, 313; H 286, 287), however, were corrected as usual. Turning 
now to p. 184 of Miss Leavitt’s memoir, it is seen at once that for 
the faint stars there is a large difference between the mean result 
for the last two plates and that for the first. For convenience, the 
deviations of the two scales thus defined from the mean for Group 20 
are given in the third and fourth columns of Table XII. The differ- 
ence between these two series of residuals, which appears in the fifth 
column, expresses very approximately the effect of the correction. 
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That the systematic difference thus exhibited is not inherent in 
the plates themselves appears at once upon referring to Table XII 
of Mt. Wilson Contr., No..97, which gives for the Mount Wilson 


TABLE XII 


CORRECTION FOR ORDER OF EXPOSURE 


Pl. 3r0— =|4(312-+31 Pl. 310— Gr. 18— 18 — .18— 
Star MW Mag. Gr. 20 oa rere eae Gr. 20 Fi Be ped a 

BER re is 16.41 —20 +8 —28 Ns —I — 
TS Sis 16.57 at + 6 27 2) = j cae 
CSE 16.76 —I2 + 5 —17 2 —21 —38 
MOSeae cA 16.86 — 6 + 2 — 8 —23 —17 —25 
eae ey Dota 17.06 —I2 + 4 —16 —I9 — 7 —23 
EUS a Ge 17.19 —20 +13 — 33 —22 — 2 —35 
SANs ce Ton: —28 +14 —42 —30 — 8 —50 
AG Serer sha 17.63 —16 +9 —25 —30 — 23 —48 
BORw ISS ee 17.78 — 26 +12 —38 —A3 —17 —55 
Bie cunts 18.01 —20 +10 —30 — 23 — 3 — 33 
Pe Sceke eee | 17-94 —20 +14 —34 (—10) (+10) (—24) 
Sto Game 18.20 —50 25 —75 —49 +1 —74 
EOSes oe 18.16 — 33) + 3 —AT — or —24 —65 
AO ees: 18.58 —50 +33 —83 —62 —12 —95 
DOSS 18.60 —40 +27 —67 (— 28) (+12) (—55) 
DUS nie 18.66 —3o +19 —57 —67 — 29 —86 
SEER Se 18.75 —II + 8 —I19 —87 —76 —95 
BAS ei 18.88 +7 = 7 +14 (—36) (—43) (—29) 
Soe ce 18.84 —28 +38 —76 —50 2 —88 


reduction (in which none of the plates was corrected) the deviations 
of individual plates from the mean Mount Wilson scale. For the 
region covered by the table above we find as a weighted mean: 


MW reduction: Pl. 310—34 (Pl. 312-+313)=-+o.02 mag. 


When similarly treated, therefore, the three plates give closely 
accordant results. As a matter of fact, the effect of the correction 
is about a tenth of a magnitude greater than the differences shown 
by the fifth column of Table XII, since the mean distance of the 
stars from the center of the plate is about 5 mm greater for MW 310 
than for 312 and 313; and since none of the Harvard measures were 
corrected for distance, the magnitudes for MW 310 are relatively 
too faint by approximately the amount mentioned. 

It is of interest further to compare Miss Leavitt’s results for 
MW 310 with those for Group 18. This is at once accomplished by 
combining the third and sixth columns of Table XII, the results for 
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the latter column having been derived from L, 189. The differences 
in the seventh column reveal a relatively small systematic effect. In 
other words, the uncorrected plate MW 310, which presumably is 
affected by the phenomenon under discussion since all of the other 
Mount Wilson plates of unsymmetrical arrangement seem to be so 
affected, gives results agreeing closely with those for Group 18 from 
which the systematic effect has supposedly been eliminated by a 
symmetrical arrangement of the exposures. On the other hand, 
plates MW 312 and 313, which have received correction, differ 
widely in their results from those of Group 18 (last column Table 
XL): 

This immediately raises a suspicion as to the validity of the 
assumption upon which the above-described procedure was based. 
The matter can be tested further by means of the Mount Wilson 
results for individual plates, part of which appear in Table XII 
of Mt. Wilson Contr., No. 97. Of the plates there listed Nos. 
230, 232, 235, 310, 312, 313, and 314, on the basis of the procedure 
followed by Miss Leavitt, would require correction for the order of 
exposure. None of the others, and none of the fifteen plates of 
shorter exposure which were also used in deriving the MW scale, 
would need such correction, either because of a symmetrical arrange- 
ment of the data or because of the minuteness of the differences 
between the first and last exposures (in the case of Nos. 769 and 808). 
A comparison of the scales from the two groups of plates should 
therefore show at once the result of having neglected the correction 
in the case of the questionable series. Moreover, the difference in 
the two scales should be a reliable indication of the effect produced, 
for the amount of the material is such as to reduce to a minimum 
the errors arising from other sources. 

From Table XII, Mt. Wilson Contr., No. 97, we find the weighted 
deviations of the mean scale for Plates 230, 232, etc., from the final 
Mount Wilson scale to be as shown in Table XIII. Since the 
weight of the results from the plates of symmetrical arrangement is 
considerably in excess of that from Nos. 230, 232, etc., the scale dif- 
ference for the two groups is somewhat less than twice the syste- 
matic difference in Table XIII; but the result thus attained is within 
the limit of error which may arise from other sources, and we are led 
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again to the conclusion expressed above, namely, that the assump- 
tion upon which the whole procedure is based is unjustifiable. 


¢TABLE XIII 
MW—(PL. 230, 232, ETC.) 


MW Mag. Syst. Dev. Wt. MW Mag. Syst. Dev. Wt. 
Babe decey as renee —0,.005 30 RO Lester cern —o.o018 154 
OS etn ais +> .053 390 LOOM eee == sepia) 186 
Te Ae ea ae + .O3t 52 iy oes Breet eeae — .005 I59 
DN epeeraba pester =— <O15 68 DU Otte sceteyes =- .o16 2322 
27 He a Ae eee — .028 61 Toe Peon + .o16 241 
PAO eS atae arevere — .oor 134 TO7 Ogee ees + .o40 358 
PGE erate ier — .024 174 LQ epee +0.056 Wl 
TG Ove cre, cus stacs —0.019 127 


Moreover, we may say with some definiteness that the question- 
able group of plates requires no appreciable correction whatever in 
order to arrive at a correct scale (excluding unsuspected disturb- 
ances which may arise from other sources). Both our own measures 
and those by Miss Leavitt and Miss Leland show that in the main 
there is no sensible difference between the first and last exposures 
upon plates MW 196, 200, and 204. Plates 769 and 808 which were 
used only for the Mount Wilson scale give a similar result. The 
mean scale from these five plates should therefore be free from any 
influence due to the phenomenon under discussion; but this scale 
we find from Table XII, Mt. Wilson Contr., No. 97, to be practically 
identical with that derived without correction from the plates which 
do show differences between initial and final exposures. Appar- 
ently, therefore, the principal exposures on these plates, which are 
the ones used in deriving the scale, contain little or nothing of the 
systematic difference that is revealed when the short preliminary 
and final exposures are compared. 

The phenomenon is obviously photographic in origin, and Mees 
has suggested,™ as the most probable explanation, that it is due to 
a depression of the sensitiveness of the plate through the absorption 
of water-vapor upon exposure to the air. No data are available as 
to the time required for a condition of equilibrium to be established, 
but it is perhaps not inconceivable that the major part of the change 

t Astrophysical Journal, 40, 236, 1914. 
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should occur within a comparatively short interval after the begin- 
ning of the exposure. It might thus easily happen that only the 
first of a series of equal exposures would be markedly different 
from the others; and if the exposures were long the difference 
might be more or less completely obscured. 

The question will be discussed further at another time; but one 
point requires mention before the subject is dismissed, and that is 
the apparent susceptibility of the measures used in this part of the 
discussion to systematic error. This is well illustrated by the results 
for different observers and different scales given in L, 122, and again, 
by the comparison of these results with our own for the same plates 
as measured by Miss High and Miss Richmond. 

A striking result is the fact that measures made here agree in 
fixing a much smaller value for the mean difference between the 
initial and final exposures than that found by Miss Leavitt; but 
most extraordinary is the circumstance that we find the variation 
of the difference with size of image to be entirely different in char- 
acter from that illustrated in Miss Leavitt’s memoir (Plate 3, Fig. 1). 
For the Mount Wilson plates she finds in general that the difference 
is a maximum for the faintest images, while for these we usually 
find no difference at all. 

Had we corrected the Mount Wilson plates, using our own 
measures, the scale for the six or seven plates thus modified would 
have been deflected by rather less than half the amount entering 
into the Harvard results. The matter would be disconcerting were 
it not pretty clear that it should not enter into the discussion at all, 
and were it not further clear that, when similarly treated, Miss 
Leavitt’s measures of the more essential portion of the data and 
our own give practically identical results for the scale. 

The preceding discussion does not extend the comparison 
with the Harvard results below the nineteenth magnitude; it is 
unnecessary, however, to carry the matter further. The Harvard 
magnitudes of the faintest stars depend upon an extrapolation of 
the scale for the region just considered, and it is evident that the 
divergence which has entered in the manner indicated must pro- 
duce even greater differences for still fainter objects. These are 
quite sufficient to account for the difference in the limiting magni- 
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tudes reached in the two investigations—21 for Harvard and 20 
for Mount Wilson. 


« SUMMARY 


t. The Mount Wilson color-indices of the Polar Sequence stars 
afford the possibility of investigating the influence of color upon 
the results obtained with the various instruments used in deriving 
the Harvard photographic scale. It is found that corrections of a 
few hundredths of a magnitude (4th col., Table III) are required to 
reduce this scale (that of H.C., No. 170+0.08 mag.) to a homo- 
geneous color-system (HH, Table III). 

2. The comparison of the Harvard Homogeneous Scale (HH) 
with MW reveals a color-equation with a coefficient of 0.06. 
Including the scale-divergence for the bright stars, we have to the 
sixteenth magnitude, approximately 


MW—HH=-+0.061 (HH—6.0)+0.06 C 


in which C is the color-index, and in which, further, the first term 
is constant and equal to +o.24 magnitude from the tenth magni- 
tude onward. The allowance for color has therefore appreciably 
diminished the divergence between the sixth and the tenth magni- 
tudes given by the earlier comparisons. For the faint stars there 
remains a large difference between the two scales, which at the 
twentieth magnitude (MW) amounts to about one magnitude. 

3. The acceptance of the HH magnitudes between 1o and 15 as 
an accurately established scale makes it possible to re-reduce much 
of the Harvard data for the bright stars by methods which are free 
from various uncertainties that necessarily affect the original reduc- 
tion. It is thus found that the HH magnitudes apparently require 
small corrections which improve the agreement with MW and 
extend the region of parallelism for the two scales upward from the 
tenth to the eighth magnitude (6th and goth cols., Table X). The 
remaining discrepancy of a quarter of a magnitude is thus thrown 
upon the stars which are brighter than the eighth magnitude. 

4. The divergence for the faint stars is due to the neglect of the 
distance-correction in reducing the Mount Wilson plates used for 
the Harvard scale, and to the application of a correction intended 
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to remove the influence of the systematic difference sometimes 
affecting initial and final exposures on photometric plates. With 
proper allowance for these differences in procedure, the Harvard 
scale becomes parallel with that of Mount Wilson in the region of 
the faint stars. 

5. The photographic phenomenon which shows itself as a syste- 
matic difference between first and last exposures seems for the most 
part to occur within a short interval after the beginning of the first 
exposure, for the principal exposures, on the Mount Wilson plates 
at least, require no correction in order that they may give results 
accordant with those from plates which do not show the effect at all. 


Mount WILSON SOLAR OBSERVATORY 
February 9, 1915 
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MISCELLANEOUS NOTES ON VARIABLE STARS 
By HARLOW SHAPLEY 


The following collection of notes and data on subjects related 
almost exclusively to variable stars represents the results of short 
or partial investigations that have been undertaken during the 
last two years. A part of the observational work involved was 
done at the Princeton University Observatory, but the reduction 
and discussion of the observations and the statistical and other 
computations were made at Mount Wilson. The incomplete 
series of observations on eclipsing variables are published now 
because there will be no immediate opportunity to continue the 
work. 

The contents of the several notes are as follows: 

1. Comparison of the observed solar darkening with the 
assumed stellar darkening—an inquiry into the applicability of the 
formula J=J, (1—x+ cos y) to the representation of the distri- 
bution of light over the disk of the sun. The investigation is 
based on published and unpublished observations from the Astro- 
physical Observatory of the Smithsonian Institution. 

2. Observations of a minimum of the F-type eclipsing star 
U Pegasi and the derivation of new light-elements. 

3. Photometric measures of o Persei for the purpose of testing 
its light-variability. 

4. Photometric observations of R Canis Majoris. 

5. The visual range of AE Cygni, with a provisional solution 
for uniform orbital elements. 

6. The relation between spectrum and length of period for 
close double stars, including eclipsing variables and spectroscopic 
binaries of the non-Cepheid type. 

7. On the number of naked-eye variable stars of different classes. 

The manuscript data concerning recent measures of the distri- 
bution of brightness over the disk of the sun were kindly furnished 
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by Mr. Abbot. The sixth and seventh notes were prepared and 
written by Mrs. Shapley. 


I. ON DARKENING TOWARD THE LIMB OF THE SUN 


In the study of the light-curves and orbital elements of eclipsing 
binaries the nature of the distribution of brightness over the 
apparent stellar surfaces has been found to be of paramount 
importance. The observed darkening toward the limb of the sun 
was taken as a basis for the assumption as to the general character 
of stellar darkening. Since the adoption of an empirical cosine 
formula to represent the diminution of light from center to limb, 
the actual existence of darkening for stars of various spectral types 
has been definitely demonstrated; but the suitability of this 
particular formula remains undetermined, and the dependence 
of the darkening coefficient on wave-length and spectral type is 
as yet unknown. 

In the case of the sun the applicability of the adopted formula, 
and also the dependence of the coefficient on the mean wave-length 
of the light used in obtaining the light-curve, can be directly 
studied with the aid of the bolometric observations of the Astro- 
physical Observatory of the Smithsonian Institution. For stars 
of other spectral types, however, we can now only speculate as to 
how the law of darkening may differ and what the degree of darken- 
ing may be for the light of different wave-lengths.2 There is 
perhaps an indication that it is greater for the bluer stars, and a 
refined study of appropriate light-curves will doubtless contribute 
something to the solution of the problem. 

A comparison of the bolometric results with the formula has 
not been made heretofore, and in the present note a brief discussion 
will be given of the diagrams, Figs. 1 and 2, in which such a com- 
parison is presented. 

Letting J, be the value of the apparent surface brightness J 
at the center of the disk, the assumed relation between J and the 


* Contributions from the Princeton University Observatory, No. 3, pp. 106-110, 191 Ge 


? Relative to the uncertainty in orbital computations arising from the present in- 
definite state of the darkening-at-the-limb problem see the above-cited work, chap. iii, 
and Astrophysical Journal, 40, 219, 1914. 
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apparent distance from the center is J/Jo-=1—x+ cos y, where 
the darkening coefficient is « and y is the angle between the line 


Frc. 1.—Solar darkening in 1907 
Abscissae: cos y; Ordinates: J/Jo 


Fic. 2.—Solar darkening in 1913 
Abscissae: cos Y; Ordinates: J/Jo 


of sight and the surface normal. The means of the bolometric 
measures made at Washington in the year 1907 (sun-spot maximum) 
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are given in Annals of the Astrophysical Observatory of the Smith- 
sonian Institution, 3, 157, 1913, and an accompanying diagram 
represents sin y plotted against J/J. for several different wave- 
lengths. When we plot the measures against cos y, as I have done 
for four representative wave-lengths in Fig. 1, the observed points 
should lie on a straight line if the foregoing formula is sufficient. 
The bolometric work at Mount Wilson during September, October, 
and November 1913 (sun-spot minimum) is represented for four 
wave-lengths in Fig. 2. In both diagrams the mean wave-length 
of the part of the spectrum used is written opposite the straight 
line that most nearly satisfies the observations, and the slope of the 
line, which is the darkening coefficient x, is also given. 1—- is 
the brightness at the limb in terms of the central brightness. The 
data for w=0.322 are from photographic results by Schwarz- 
schild and Villiger.* 

Three results of importance to this inquiry can be deduced from 
the diagrams: 

1. The observed points, though lying on smooth curves, do 
not define straight lines for any of the wave-lengths of either series, 
and the deviations are evidently larger than the uncertainties of the 
observations. Therefore the formula adopted for the stellar investi- 
gation does not completely represent the observed solar darkening. 
The representation is quite satisfactory, however, since the error 
is generally less than 1 per cent and scarcely exceeds 3 per cent 
for any wave-length or for any distance from the center up to 95 
per cent of the radius (cos y=o.31). Beyond this point there is 
an indication that the brightness may fall off rapidly; but, to 
quote Abbot’s The Sun, p. 107, footnote, ‘There is a tendency of 
all the data to show a less rapid fall of brightness from 95 to 97 
per cent out on the radius than would be expected. This may be 
due to error.” The effect on the light-curve of a variable star of 
the error in the assumed formula would be entirely negligible 
(even if we had an exact value of the coefficient) over at least gs 
per cent of the curve at minimum. We conclude, therefore, that 
the adopted cosine law of darkening, though manifestly inexact, 
is a very good approximation and sufficiently accurate for the 

* Astrophysical Journal, 23, 284, 1906. 
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stellar work of the present time. Knowledge of the amount of 
darkening for a given wave-length and for different spectral types 
is a more important and immediate need. 

2. For the solar spectral type, at least, the value of the darken- 
ing coefficient is conspicuously greater for photographic light- 
curves than for visual—a well-known phenomenon. The average 
value of x is approximately o. 75 for the mean effective photographic 
light, and for the mean visual part of the spectrum, about 0.6. 
This of course does not necessarily mean that the coefficient would 
be greater for stars of bluer spectral types. 

3. For a given wave-length the darkening coefficient de- 
creases with the number of sun-spots, this change being more 
pronounced for the shorter wave-lengths. Or stated in another 
way," ‘‘there was distinctly less contrast of brightness between the 
edge and center of the sun’s disk in 1913 than in 1907,” and the 
shorter wave-lengths change in contrast more than the longer. 
This can be shown easily by plotting w against x for the two series. 
There are also changes in contrast accompanying the short-period 
irregular variations of the sun. Apparently, then, our problem 
may involve a variable darkening coefficient. 


2. NEW LIGHT-ELEMENTS FOR U PEGASI 


On the basis of the following series of observations made with 
the polarizing photometer during a single principal minimum of 
U Pegasi it is possible to make a small but definite correction to 
the period. The star B.D.+14°5077 (7.9), which is about three 
magnitudes brighter than the variable, was used for the com- 
parisons. 

The light-elements of U Pegasi generally adopted at present 
are those deduced by Roberts? from Wendell’s observations at the 
Harvard Observatory 3 

Prin. Min.=J.D. 2415021. 2367-+04374784 E 


Apparently a small error exists in the yearly Vierteljahrsschrift 
catalogues since 1912 in giving the light-elements and ephemeris 


* Report of the Secretary of the Smithsonian Institution for the Year Ending June 30, 
T914, P. 94. 
2 Monthly Notices, 66, 135, 1906. 3 Harvard Annals, 69, 53, 1909. 
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for this start The initial epoch there reads J.D. 2415021.2469; 
hence all times are predicted 15 minutes too late, which is a notice- 
able amount in this case of a nine-hour period. 


TABLE I 


Prrmary Ecuiese oF U PEGASI, OCTOBER 31, 1913 


Gr. Helioc. Mean Time Phase a ees O-—C 

mag 

Tag Ot Re cheisetes stoi myers ae rverierias —obi3™ 3.37 —0.04 
I4 i OER RGT CORSO ne EES —o 3 3.406 + .o1 
TAOS Mare sere she ey ae ccere ere nleke +o 9 2330 —" 04) 
EAS IG auanarces Sraebalerer ef ocet debate cones +o 19 2°35 — Or 
TAPCAG pe vate anes vec RELI +o 30 Baw + .06 
TABS Ohaeticre nesta Raereiersens eveestchaters +0 43 Bony + .03 
SUL OM cco arlene toi sp cess reto tenia Tees 3.00 OZ 
LGD ON as cecramicnstere +. csekenstet shelclateas +I 13 2.98 .00 
DS pS Opec ae ctatass winvarsste wteehepouerese +I 23 2.87 — 1507, 
MGA OW sre ais tt ace accesso oket atlases oe ove --t 33 2.91 -00 
TOM Lint saan ae kane eet Teeetav enone +1 45 2.87 .00 
TOMI iste team nc erateca tina stort one +1 56 2.90 +0.04 


The corrected heliocentric time of principal eclipse on Octo- 
ber 31, 1913, predicted by means of Roberts’ elements, is 13248, 
G.M.T. The observed time was 14516™, G.M.T., with an uncer- 
tainty not exceeding two or three minutes. The difference of 27 
minutes represents the accumulation of the error in the period 
during sixteen years. The accuracy of the elements determined 
by Roberts is sufficient to leave no doubt as to the number of inter- 
vening periods. There were 13,478 revolutions between the date 
of my observations and the published initial epoch, and about 
two thousand more between that arbitrary epoch and the middle 
of the interval over which Wendell’s observations of the principal 
minimum extend. The correction to the period derived from these 
data is -+-o. 10 seconds, so that the revised value is 043747852, with 
a probable uncertainty of two or three units in the last place. The 
new heliocentric epoch of primary minimum is 


J.D. 2420072.5754=1913, October 31, 13548™6, G.M.T. 


The phases given in the table above were computed by means 
of the new elements. The residuals in the last column show the 


* Vierteljahrsschrift der Astronomischen Gesellschaft, 47, 301, 1902. 
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agreement of the present short series of measures with the theo- 
retical darkened curve based on Wendell’s observations.! The 
representation is quite satisfactory, both as to depth and as to 
duration of the eclipse, and suggests that no marked change has 
occurred in the nature of the eclipse during the last fifteen thousand 
revolutions of the components. The data here available are 
obviously insufficient, however, to give this last conclusion much 
weight; but it may be pointed out that such extremely short- 
period systems as U Pegasi and W Ursae Majoris are deserving 
of careful and continuous attention from observers, with the object 
of establishing the presence or absence of sensible perturbations 
in the length of the period, the range of variation, or the general] 
nature of the light-curve. Both systems are very close, their 
orbits are apparently circular, their spectral types are F and G, 
respectively, their components are the densest stellar bodies known, 
and both possess a high degree of ellipticity. In fact, one-third 
of the range of light-variation of U Pegasi at principal minimum 
is attributable to the rotation of the elongated components. 


3. PHOTOMETRIC OBSERVATIONS OF 0 PERSEI 


The possibility that the spectroscopic binary o Persei is also 
an eclipsing variable has been recognized by several observers, and 
the constancy of its light has been put to test by Lau,? Guthnick,3 
and Hertzsprung.4 Both Lau and Guthnick announce a variability 
of the light through a range of 0.35 mag.,and the latter finds the time 
of minimum in agreement with the expectation of eclipse. Hertz- 
sprung, on the other hand, finds no definite evidence of variability, 
but he points out that none of his observations were made within 
five hours of the predicted time of principal minimum. Before 


Contributions from the Princeton University Observatory, No. 3, p. 176, et passim, 
IQI5. 

2 Astronomische Nachrichten, 196, 427, 1914. 

3 [bid., 197, 303, 1914. Since writing the above, Guthnick’s discussion of his 
preliminary results for this star with the photo-electric photometer have been received 
(Veriffentlichungen der Kéniglichen Sternwarte zu Berlin-Babelsberg, 1, No. 1, p. 57, 
1914). The results, which are not as yet very definite, suggest a variation of a tenth 
of a magnitude. 

4 Astronomische Nachrichten, 199, 140, 1914. 
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learning that the star was under investigation elsewhere the writer 
had commenced a series of observations with the Princeton polariz- 
ing photometer. The results of measures on three nights are given 
in Table II. 


TABLE II 
OBSERVED MAGNITUDES OF 0 PERSEI 
D Gr. Geoc. Phase from Magnitude Renita 
BE M.T. Super. Conj. Difference 
mag. 
TOL3, NOVACE eee 13%31™ +19827™ | a—o=+4.01 
13 44 +19 40 | a—9=+3.99 
13 55 +10. 8h |, 6 —0=1-4..65 
Decaizier 20 9 —o12 | b—0o=+4.62 
; 20 24 +o 3 b—0=+4.67 
20 40 +019 a—o=+4.00 
20 55 + 034 | a—o=+4.08 | Measure interrupted 
2I 18 +057 | a—0=+3.99 | Star low 
IDYO, 285 oe 10 26 | +62 5 | a—o=+3.90 | Moon 
10 36 +62 15 | a—0=+3.90 
IO 50 +62 29 b—a=-+0.65 


The phases were computed with the aid of the spectroscopic 
elements by Jordan.! The comparison stars are a=B.D.+31°644 
(8.3), and b=B.D.+31°643 (8.2). Each observation is the 
mean of 16 comparisons and has a probable error of approximately 
+0.03 mag. The fourth observation on December 12 should per- 
haps be given low weight. 

The magnitudes in the table, so far as they go, give no indication 
of variability, although they were made apparently at the most 
favorable times. If, however, the orbit which was found by 
Jordan to be circular should be slightly eccentric, the principal 
minimum might be displaced sufficiently from the predicted time 
to render inconclusive the foregoing evidence against variability. 


4. PHOTOMETRIC OBSERVATIONS OF R CANIS MAJORIS 


The remarkable hump on the light-curve of R Canis Majoris 
at the end of the principal minimum was measured independently 
by Professors E. C. Pickering and O. C. Wendell at Harvard 
more than twenty years ago. The existence of the phenomenon 

* Publications of the Allegheny Observatory, 2, 63, 1911. The period is 4.41916 
days. 
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at that time seems to be entirely beyond question; but so far as 
I know there has been no recent observation of the star, and no 
further investigation of the anomalous feature. With the hope of 
throwing some light on this peculiarity, a series of observations was 
undertaken with the Princeton polarizing photometer, but because 
of the southern declination of the star and the continued unfavor- 
able weather during the short observing season, the work was 
given up before satisfactory results could be obtained. The 
observations given below may be of value to other observers, 
however, not only in showing that if the hump now exists it has 
perhaps shifted along the curve away from minimum, but also 
in showing that the light-elements by Chandler do not at present 
adequately represent the observed times of minima. 

The predicted time of eclipse on March 22, 1913, was 15532™, 
Gr. Hel. M.T. The observed time of mid-eclipse was about half 
an hour earlier. This difference may not indicate that a correction 
to the mean period is necessary. The orbit of R Canis Majoris 


TABLE III 
OBSERVED MAGNITUDES OF R Canis Majoris 

Date ey es a—v Date Cres a—v 

1913 mag. Igt3 mag 

INGA. ipo See ieee rrh48™ Pees IN ERS OO seem oe 12h s9™ 2.02 
Tete 2.06 ug <8) 2.04 

iD, eg 2.06 13 26 I.90 

I2 24 Dey! 13 36 1.88 

I2 40 2.10 uel Aly 1.88 

I2 49 2.10 TAs 7 

132 2erA I4 13 1.66 

135 Gr Di 14 30 1.52 

13 23 2.09 14 44 1.49 

13 33 2.10 I4 54 TAA 

13 43 2.19 15 4 1237 

13) 57, 2.18 I5 16 I.43 

Wak 2 2/apsctcieca - 1D ey DG) I5 30 1.43 
I2 50 2.02 5 44 T.50 


has an exceptionally high eccentricity for an eclipsing binary;* 
furthermore, the line of apsides is evidently in fairly rapid motion, 
but with an unknown period.? The resulting oscillation in the 
t Publications of the Allegheny Observatory, 3, 52, 1913. 
2 Contributions from the Princeton University Observatory, No. 3, Pp. 95, 1915. 
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time of the principal minimum may then easily be of the order of 
the discrepancy observed. Further investigation of the light- 
curve is much to be desired, not only to contribute to our knowledge 
of orbital changes in close binary systems of pronounced eccen- 
tricity, but also to elucidate the meaning and the present nature of 
the hump in the light-curve, which stands out as the most con- 
spicuous unexplained irregularity known in the light-curve of any 
eclipsing binary. 

The comparison star used in the measures above, a=B.D. 
—16°1886 (8.0), is reddish. The last two observations of each 
night should receive low weight because of the low altitude and 
trouble with smoke and haze. 

The observations on March 22, 1913, indicate that the range 
is at least a tenth of a magnitude greater than observed by 
Wendell fourteen years earlier. The results of computations on 
the photometric orbit and a discussion of them are given in 
Contributions from the Princeton University Observatory, No. 3. 


5. NOTE ON THE PROVISIONAL ORBIT OF AE CYGNI 


The following series of observations of the faint eclipsing variable 
AE Cygni are of value chiefly in showing the visual range of varia- 
tion and in giving one epoch of minimum. They are not conclusive 
as to the existence of a secondary minimum nor of ellipticity. The 
comparisons were made with the star a=B.D.+29°4347 (8.2). 
Each observation in Table IV contains 16 settings made with the 
polarizing photometer. 


TABLE IV 
OBSERVATIONS OF AE CycGnr 

Date maria ; v—a Date ae Gee v—a 

Igi2 7 mag Igi2 mag 

TOONS SiS, Shwe occ. 16253™ | +3.04 INOV: <3 Came t55r5™ | +2.40 
7) Baty E520 2.42 

itty) BX Qs 15 48 2.40 

17 38 Bor 16 I 2.44 

1913 

NOV 83ers ferret eke 14 16 2.54 Jans i en seeeer wid Tee 2.39 
14 31 2.42 roe Bos 

14 48 2.46 Enea 2.46 

ni Mi 2.42 r 2 2.40 
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The light-elements given by Williams‘ represent the measures 
printed in Table IV with sufficient accuracy. His light-curve, 
however, which is based on 83 visual observations, presents unusual 
difficulties in the derivatiofi of even approximate orbital elements. 
In order to investigate the system further my observations were 
undertaken, but the faintness of the star and the inconvenient 
length of the period (23"15™6) have prevented decisive results from 
being obtained. The range of variation according to my measures 
is o.77mag. With this value the scale-readings given by Williams 
were converted into magnitudes and the resulting light-curve 
investigated. If the period is as given above, the provisional 
orbital elements are: 


Ratio of radii =0.75 
Inclination of orbit =85° 
Radius of orbit =1.00 


Radius of larger star=o0.45 
Light of larger star =0.50 


But in this case a secondary minimum of three-tenths of a magni- 
tude would be required, the existence of which is not verified 
by my observations; moreover, the components would be so 
close together that considerable elongation would be expected 
and the range as given above would then be illusory for orbital 
computations. 

It seems more probable that the period is double the value given 
by Williams, that the stars are not markedly ellipsoidal, and that 
the alternate minima are probably of unequal depth. As a con- 
sequence, the components would be found to be of nearly equal 
dimensions, much smaller relative to the size of the orbit than given 
above, and the mean density of the system would be of the order 
of two-tenths that of the sun. If the shorter value of the period 
is correct, the mean density is one-half as large. The spectral 
type is unknown. 


6. ON THE PERIODS AND SPECTRA OF CLOSE BINARY STARS 


The following study has been made to supplement the recent 
work of Wicksell on the frequency of the periods of spectroscopic 


t Astronomische Nachrichten, 184, 97, 1910. 
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binaries,t and to determine whether the conclusions reached in his 
paper can be considered more than an apparent result depending 
on selection. He finds two distinct maxima in the frequency- 
curves for all spectral types and attempts to explain this on the 
assumption that in spectroscopic double stars the groups of long 
and short periods depend on two different principles or conditions 
of origin. He suggests, however, the possible insufficiency of his 
data. 

Since there is essentially no difference between spectroscopic 
and eclipsing binaries, except that the latter are limited in the pos- 
sible values of their orbital inclination, there is no reason why the 
data for the two classes of stars should not be combined in a study 
of this kind. Accordingly a card catalogue of eclipsing variables 
was made, which contains over 200 entries, and the 121 stars for 
which both period and spectral type are known form, together with 
Wicksell’s data, the basis of this discussion. From Wicksell’s 
list all those spectroscopic binaries which are known also to be 
eclipsing variables were removed; 14 spectroscopic binaries not in 
his list, but whose periods and spectral types are available, were 
added; and for one star, 7; Orionis, a later value of the period 
was substituted. All Cepheid variables were excluded, since it is 
not certain that they are binary systems; hence four stars not 
called Cepheids by Wicksell were dropped from his list—8 Ceéphei 
and a Ursae Minoris, two known Cepheids, and 6 Canis Majoris 
and \ Andromedae, whose orbits suggest that they also may belong 
to this class. A separate study was then made (1) of the eclipsing 
variables, (2) of the spectroscopic binaries not also known to be 
eclipsing binaries, and (3) of both the first and second groups 
combined. 

Table V shows the total number of eclipsing and spectroscopic 
binaries of each spectral type in equal intervals of the logarithm 
of the period. Two Ma stars and one of type Oes were not con- 
sidered. 

Frequency-curves, similar to Wicksell’s, were drawn for each 
spectral type in each of the three above-named groups, i.e., eclipsing 
binaries, spectroscopic binaries, and the total of both. Curves were 

* Arkiv for Matematik, Astronomi och Fysik, 10, No. 6, 1914. 
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also drawn for each group, using all the stars regardless of spectral 
type, and these are reproduced in the accompanying diagrams. 
The supposed secondary maximum is found to occur definitely 
only in the case of the B-type stars in the spectroscopic group; 
and in that group it is due solely to six long-period stars. If, as 
shown by the dotted lines in the diagrams, all B-type stars are 
omitted, the phenomenon of the two maxima completely disappears. 
The same result is obtained by omitting only the six B stars of 
long period. These anomalous systems are: x Velorum, 116465; 
¢ Persei, 12646; v Orionis, 13123; ¢ Tauri, 1384; + Andromedae, 
143767; and p Sagittarii, 18042. @ Persei and pw Sagittarii are 
classified as having peculiar spectra. Evidently then the real 
problem lies in explaining the spectra or periods of these six 
stars. The next longest period among the B’s is 31 days. 


TABLE V 


LOGARITHM OF PERIOD AND SPECTRAL TYPE 


—0.8]/—0.4] 0.0 | 0.4 | 0.8 | 1.2 | 1.6] 2.0 2.4 Brom swaaes EO Total No 

Spectrum t t to to to to to to to to to to sed eeee 

ez ae oo Ge | 10.8 Hz 50.0) | 2,002.4 We TS ilesee: | st6illicano of Binaries 
By eeercre sie ae | LOM LOMO! epecere On| ae at: 47 
DAR caves ct oy || Bol ctor | aw Gy ih Dalle Tis ese 105 
I each eee I ay wees Sal ae syltract-!| es I 2 I 2 Dey 
Ga eects iF 4 FeAl) Se 2 2 I 2 Bi Bs ae I5 
oa typists) see 5s Bee ere atall cee tll sector: Zyl leheces eal I 5 
Total Dero alec O08 "20 nn xO af || 38 5 4 2 2 199 

BG Keen hose Pe zhlerOs Gece e4eleed sla ese mes. oui rele 


Thus, after more than doubling the data for close binary systems, 
it appears that the secondary maximum in length of period does 
not exist, although there are slight indications of it in some of the 
curves for the separate spectral types. These, however, disappear 
in the totals except for the six stars mentioned. It is found also 
that the maximum of all the frequency-curves falls between the 
values 0.4 and 0.8 for the logarithm of the period, that is, for the 
periods between approximately 2.5 and 6 days. The B-type 
stars seem to have a comparatively shorter range in length of 
period than any of the others (except the K stars, for which the 
data are too meager to justify any conclusions), namely, 1.45 to 
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Number of binaries 


—o.6 +o.2 +1.0 +1.8 +2.6 +3.4 +4.2 
Log. period 


Fic. 3.—Frequency-curves: eclipsing variables, light line; spectroscopic binaries, 
heavy line; spectroscopic binaries excluding B-type spectra, broken line. 


Number of binaries 


ML 


—0.6 -+0.2 +1.0 +1.8 +2.6 +3.4 -+4.2 
Log. period 


Fic. 4.—Frequency-curve for eclipsing and spectroscopic binaries combined 
(broken line excludes B-type spectra). 


326 


NOTES ON VARIABLE STARS 15 


180.2 days; or, without the stars that may be anomolous, 1.45 to 
31 days. For the systems with second-type spectra, in which the 
F’s predominate, the range is the greatest, being 0. 33 to ggos days. 
It is of interest to note that one-third of the second-type systems 
have periods greater than 180 days and one-seventh shorter than 
1.45 days, the outside limits given above for the binaries with 
B-type spectra. 


7- ON THE NUMBER OF NAKED-EYE VARIABLE STARS 


As a result of his search for variable stars in globular clusters, 
Bailey found that about 2.5 per cent of all the stars examined show 
distinct light-variation; this percentage was compared with the 
number of variables among the naked-eye stars, which he placed 
at r per cent. Since that study was made the number of known 
variable stars has considerably increased. In order to get an idea 
of the percentage of naked-eye stars now known to be variable, 
and to see how they are distributed in the different variable star 
classes for each interval of magnitude, the data in Table VI were 
collected. 


TABLE VI 
. Lon Short Are Mis- Total Total Percentage 
Magnitude Period Perea Eclipsing cellaneous | Variables Stars Variable 
<EL Ove ° ° ° a 5 12 17 per cent* 

PEO ILO EGO 0 ° ° I I D 28 7 
2EONLO}D =O) I I 5 I 8 105 8 
BEONLOns.Oirecs 2 6 4 7 20 275 7 
4.0t04.9.. 5 - 4 9 22 75° 3 
Br ONCOO:.O 1.2 18 ai 4 20 49 2160 2 
otal a) 18 18 43 106 3330 3 


Fee es eee aon teen ie pees ee 

The second, third, fourth, and fifth columns give the number 
of variables belonging to the different classes named, whose bright- 
ness at maximum light corresponds to the magnitude tabulated in 
the first column. In the class ‘‘ Miscellaneous” are included vari- 
ables with unknown or irregular periods and the Novae. Column 
six contains the total number of variables, and seven the total 


t Harvard Annals, 38, 1, 1902. 
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number of all stars, while the final column gives the percentage 
of variables in each magnitude division. It is seen that 3 per cent 
of all stars visible to the naked eye are known to vary in light. 

In collecting this material the many bright stars recently 
suspected of small variation by Lau’ and Guthnick? have not been 
considered, although many of them will probably be admitted soon 
to the lists of known variables. Had they been included the total 
percentage would be increased from three to more than five. 


Mount WILson SOLAR OBSERVATORY 
February 1915 


t Astronomische Nachrichten, 196, 427, 1914. 
2 Verdffentlichungen der Kéniglichen Sternwarte zu Berlin-Babelsberg, 1, No. 1, 
1914; Astronomische Nachrichten, 191, 169, 1912. 
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EFFECTIVE WAVE-LENGTHS OF 184 STARS IN THE 
CLUSTER N.G.C. 1647 


By EJNAR HERTZSPRUNG 
I. THE OBSERVATIONS AND THEIR REDUCTION 


The following pages contain the details of my determination of 
effective wave-lengths in the cluster N.G.C. 1647 (440™,+19°) 
briefly described in Yearbook, No. 12, p. 222, 1913, of the Carnegie 
Institution of Washington and referred to by Seares in his paper 
“The Color of the Faint Stars” in this Journal (39, 361, 1914). 
The instrument employed was the 150-cm (60-inch) Mount Wilson 
reflector diaphragmed down to 1oo cm (40 inches) aperture in order 
to increase the diameter of the useful field. 

Over the end of the tube of the reflector was placed a grating? 
consisting of overspun rubber cords 3 mm thick separated by free 
spaces of the same width. This grating forms short spectra on 
both sides of the central star image as shown in Fig. 1, which is 
enlarged 3.3 times from the original plate. The focal length of the 
reflector being 7606 mm (299.5 inches), the distance between the 
centers of the two spectra of first order is about 1 mm (0.04 inch). 
When the diameter of the wires of the grating is equal to the spaces 
separating them, all the spectra of uneven order are at their maxi- 
mum intensity and all those of even order disappear. In this case 
the spectra of first order are zm times or 2.486 mag. fainter than 
the star image without grating. As the spectra with the disper- 
sion here used are somewhat elongated, especially for the whiter 
stars, it will be safer to say that the limiting magnitude down to 
which, for a certain exposure time, effective wave-lengths can be 
determined is about 3 mag. less than that for which, under the 
same conditions without grating, measures of position can be made.’ 


t Made by Toepfer of Potsdam. 


2 As the spectrum of a red star is sensibly shorter than that of a white one, the loss 
in light from elongation of the spectra is somewhat smaller for the red than for the 
white stars. It will therefore be possible to measure the effective wave-lengths of the 
former down to a magnitude a little fainter than in the case of the latter. It is easy 
to avoid an undesirable selection caused by this phenomenon by measuring only 
to a certain intensity of the central image. 
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Fig. 1 shows the appearance of two stars of extremely different 
color. The objects are B.D. +9°4367, which is a white star, and 
B.D. +9°4369, which has a spectrum of the fourth type. The 
plate received five exposures of 360, 114, 36, 12, and 4 seconds, 
respectively, so that one step in the exposure time corresponds to 
0.5 in its logarithm or to about 1 mag. in intensity. The faintest 
images are not visible in the figure. A line is drawn between the 
images of longest exposure for the two stars. The distance is 
12.58 mm on the original plate, or 34171 according to the A.G. 
Catalogue. Visually the two stars are of equal brightness—mag- 


+9°4367 


+9°4369 


Fic. 1.—Central images and first-order spectra 


nitudes 8.5 and 8.7, according to the B.D. and magnitudes 8.6 
and 8.4, respectively, according to A.G., Leipzig. Photographically 
the difference is about 2 mag. in accordance with the difference 
in color. 

It is seen at a glance, that the distance between the centers of 
the two spectra of first order is greater for the red (+.9°4369) than 
for the white (-+9°4367) star, owing to the difference in spectral 
distribution of energy. This distance between the two spectra 
determines the effective wave-length and may be taken as an 
equivalent of color. The mean error of one such distance for well- 
exposed images is about +6, corresponding to + 26A in the effective 
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wave-length.t The effective wave-lengths of the two stars shown 
in Fig. 1 are found to be 4280 A for the white star B.D. +9°4367, 
and 4590 A for the red star +9°4369, the difference being 310 A. 

The difference in effective wave-lengths for stars of spectra 
A and K is about 200 A, while the corresponding difference in color- 
index, mpg—myis, is Imag. The mean error +26 A in one effective 
wave-length therefore corresponds to a mean error of +o.13 mag. 
in the color-index. 

The effective wave-length varies not only with the color of the 
star but also sensibly with the strength of the spectrum image. 
To be considered as a color equivalent, therefore, a correction is 
needed to reduce the measured distance between the two spectra, 
or the effective wave-length, to a normal intensity of image. This 
correction will vary with the instrument (reflectors or refractors 
of different achromatization and focal length), the spectral sensi- 
tiveness of the plate, and the color of the star. Its accurate 
determination requires an undesirable increase of work. I there- 
fore preferred to take several photographs of the same region with 
different exposures, and on each plate to measure only those spectra 
which are approximately of normal strength.? Actually the 
longest exposure given to the plates used in this investigation was 
30 minutes, which, with 9. 5 and 3 minutes, and 57, 18, and 6 seconds, 
forms a geometrical progression, the logarithm of whose constant 
ratio is 0.5. 

The intensity of images just well exposed was taken as the 
normal. One effective wave-length from an image of normal 
intensity was given weight 6; and effective wave-lengths from 


« This accuracy, as is to be expected, is of the same order of magnitude as that 
attained in the photographic measurement of double stars. With the Copenhagen 
refractor a= 20 cm, f=480 cm, I found for one exposure, on the average, a mean error 
of +4.2- for the distance between the two components of a double star. With 
the 5o-cm Potsdam refractor a=50 cm, f=1250 cm, I found the corresponding 
mean error to be +4.5». 

2 From all this it appears that the zero-point of the effective wave-lengths is to 
a certain extent arbitrary. It would be practicable to define the color-indices and the 
effective wave-lengths in such a way that the indices o mag. and +1 mag. correspond 
to effective wave-lengths of 4200 and 4400 A, respectively. To this end 34 A would 
have to be subtracted from all the effective wave-lengths given in this and in the 
following note. 
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images 1 and 2 mag. weaker or stronger than the normal intensity 
received weights 4 and 1, respectively, after the correction for 
deviation from normal intensity had been applied. No accurate 
knowledge of the correction to normal intensity is needed, there- 
fore, unless the stars are very bright or very faint. Only for the 
very faintest stars, which do not reach normal brightness even on 
the longest-exposed plates, is the correction of any importance. 

As an average, I found the effective wave-length to increase 
19 A for each magnitude of increase in the intensity of the image 
measured. This rate has been adopted for all stars of all colors.* 

A chart of the stars in the cluster N.G.C. 1647, used in this 
investigation, is given in Plate VI. The central star, No. 100, is 
A.G. Berlin 1290, 45409869, +18°56’19"1 (1900).. The diameter 
of the inner circle is 40’ and that of the outer 1°; the central por- 
tion being, of course, in much better field than the outer zone, the 
results derived for the central stars are therefore the most reliable. 


TABLE I 
List oF PLATES 
Plate No. Date Midiile of bixp. Exp. Time Kind of Plate 

IgI2 
DAO RRs oer: Re echt Ochers Snoam go Lumiére 2 
Dole 4 oe em mate cep etter iret hsan hole wt Ses 30 Seed 27 
tt he ieee Ganon Cine e ty 2 6 20 9.5 Seed 27 
DSO A ee Neds Eee eat oe 6 33 9.5 Lumiére 2 
BTA sree cyanea seven ee cgele tele ide 16 6 14 30 Lumiére 2 
BT AMR yeas Vas ie ete eke seals a 6 53 30 Seed 27 
BOS We eterna tht sie hoes 17 2 15 9.5 Lumiére 2 
DONO a Hai See Rat a ES os 2 40 30 Seed 27 
BOG eR ren, Me me Sere rein 3 ee! 9.5 Seed 27 
BUIOW Seen s eager eS Cee : 3 27 30 Lumiére 2 
POT [Eon enn NSE nh Wes, Be - 4 II < Seed 27 
POY ate Sit see gn ROE een Carl e ‘ 4 26 = Lumiére 2 


* 3m, 3m, 578, 578, 18%, 188, 68, 68. 


The plates used are listed in Table I.2_ As will be seen, there 
are two complete sets, one taken on Seed “‘27,” the other on 
* For further details of the method of effective wave-lengths see Potsdam Publ., 


No. 63, Part 1,191. A list of the earlier literature is found in Astron. Nachr., 182, 301, 
1909. 


*They were measured at the Astronomical Laboratory at Groningen on my 
return from Mount Wilson to Potsdam. 
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Lumiére “=” plates. The two sets have been treated separately. 
As an average, the effective wave-lengths reduced to the normal 
strength of image proved to ber29.5=1.5 A (mean error of median 
value) greater for the Seed “27” than for the Lumiére “>” plates. 
Furthermore, there is a slight indication that this difference between 
the two sets increases about 2.9 A for each magnitude of decrease 
in brightness. The smallness of this magnitude equation is 
satisfactory. 

To reduce the effective wave-lengths to the same system, the 
Seed ‘‘27” plates were first corrected for the constant difference of 
29.5 A between the “2” and ‘‘27” plates. Secondly, the results 
from each kind of plate were corrected by half of the magnitude 
equation, or }X2.9 A per magnitude. Admitting that this mag- 
nitude equation arises only from errors of reduction in the two 
different sets of plates, the final effective wave-lengths are on the 
Lumiére “‘>”’ system. 

In this system I found from other plates an effective wave- 
length of 4234 A to correspond to a typical A star, the color-index 
of which Jy= mp,—Myis, Harvard, is zero according to the Gottingen 
Aktinometrie, B, 1912. It was furthermore found that a difference 
in the color-index Jy of 1 mag. corresponds to a difference in effective 
wave-length of 200 A. Hence we have the following formula 
for the relation between color-index, Iq, expressed in magnitudes 
and the effective wave-length eg expressed in A: 


200 In = Nez — 4234. 


In Table II the reduced effective wave-lengths and their relative 
weights, as indicated above, are given for each set of plates sepa- 
rately. The weighted means contained in Table IV are the final 
values." 

It will be remembered that the weight 6 was assigned to an 
effective wave-length derived from a single image of normal 


t Star No. 218, which is 2’ inside the border of the field, has accidentally been 
omitted from this investigation. This mistake is of no importance for the general 
conclusions. ‘The star is included in the catalogue for the sake of completeness. No. 
219 was first called 218. For all other stars my original notation was kept in spite 
of there being a few objects which proved to be too faint for measurement of effect- 
ive wave-lengths. 
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TABLE II 
MEAN Resutts FROM Lumibre “2”? AND SEED “27” PLATES 
LumizrE = SEED 27 Lumizre = SEED 27 
Star No. Star No. 
Aer [Rel Wt.| Agg |Rel. Wt. Aeft |Rel.Wt.| Ac Rel. Wt. 

bE catty lier Ceo cl aerticeal lero ctl momaio Rte 428 2 431 14 
2 sbyaseinres 4337 Io | 4358 19 SO ya \akoee Silo aeeeeee | ecotetenee 507 7 
Si a Aiea Py Seale aia tae ane 372 ° S3u tetits ayeve | eee here ne 384 I 
Thee BE || Be pein | &Ye, SA ae cere 331 14 345 22 
1B ae ae eis es | eee owel| crete eee 512 3 85 miata cee 317 24 336 29 
Giiare ntiae leeeeeieee| elses 421 ° Comoran 389 | 30 412 29 
7 -Uaticleay ee 311 I7 328 18 Cy ioe teeiltea So Selicorea> B72 4 
Sizisesusere 251 23 269 20 Coit er cts 333 II Soni 22 
COE ecco 257 28 267 28 Ieee 6 324 12 347 22 
TOmeterae Nee | gi 302 20 COmG ert 213 28 215 20 
LD se Seaysns tenes |stacseetvell oar ako 319 7 OF 28 te PEED oes 428 ° 
by Hh ihre chee) Nascent | brit co aeaON het AES [eas creek O2Re merece 589 3 547 9 
Tsao 592 II 570 | 24 OB Rah atreite 250 3k Deis || exe) 
TA yee age || exe) 252 29 OAs deronte| ee teieiee | etorecss 401 I 
LG iapalere ts tie 207 20 298 30 OS ae | sees | eae 512 7 
LOM eet vs ee) |i este Bean |) Oi OOnaie aes 254 | 29 251 29 
Lop re Sara sees cet eae hoses 348 I Sy ORE EE | oO orcks| Ai ola B72 ° 
TSH oss 386 3 348 12 OSe hers: Bees | eyA 314 | 32 
TOs sievens oe 249 32 258 28 OO)pecscbee 339 Il 332 22 
2Ol ene 324 16 Back 19 70. 529 3 521 Io 
DIR sen to 377 9 368 16 Free 318 15 322 25 
Zoe ere nee || Ber 270) 32 Iau here 18 ois oF 424 ° 
2 EE ey PO, er eee eek ce ars 378 ° FB oe baste Jel VeeoR ee eee 489 2 
BA aiden: BEV i ely 321 25 FA wis eater AN | 257 NO 
Dees ih hus wiehate sets | aeteneiete 339 ° Sct 284 | 32 277 30 
VANE ott hoe 330 9 342 21 b AoReitihan ened ey orcs ol (Aue 8 eacte 347 ° 
QT assis cats 302 33 274 29 TS seas ches 309 I2 B53 22 
DOV selcroct| auseeins' [ree ne 443 I TB ree Saiele ana eee 359 2 
2G eter oe rete ll cats aos heen: 401 3 TO alien aas| thexa oc tel Reretoonte 562 2 
Xe \b Gc ucncoy (erie ee aha techs 435 2 Sone Ap | Be 298 | 31 
BIE iro ee tces |\chapeaaaslltcuars chace 497 I 81. 249 oY) 251 30 
ene ree 430 3 368 12 Re ew ore 489 II 482 24 
exe caso 315 I5 326 25 B30 a teter |B ee | etorneeos 352 2 
BAN ome take Bs || B30na7 Odima oer 291 30 200) |ot 
SiGrorneren a ian Se ore | Seo 559 I hina Rebs 352 9 35S. ety 
BORE eGo trcpaltccrarhes 407 4 SOT aa cee seus ote 306 3 
Ui lsen eR OA [ace itm ThA eons 358 7 Sek Pree 360 Io 348 19 
isis genes 331 I4 335 23 SB opcustoctel| Oreos Peel ees eae. 361 2 
EO din merce 241 27 235 29 SOianmae sete 267 37 287 32 
BO nee wekvedAlincreeas ellis unseat 370 2 OO arenes 258 28 252 28 
ATO eet ye 354 20 347 26 OLS ce 430 ai 404 19 
ADS nate 272 26 gli 30 O2 ae rd ees eee 322 4 
GS oi Gb St 300 | 31 208) 88 30 OS cetera ner es eee 330 7 
7B WPS NaeS nae Renee Re ste ee 307 I OA hts 251 30 252 20 
AR ou aee 250nans2 piv Al| Ye) Obomaer 304 26 308 28 
AOR yee 359 22 303 28 QO cache 284 I 347 9 
A Tico susie 328 21 327 30 OF neces 241 29 249 29 
AS i iette wae 258 | 30 BOUs meat OS iawerne ds 323 13 BZOnme4 
AQis sareeceoe 329 3 313 8 (Ol O amen ain |telicn bicees Ss ouamhat 417 ° 
Coe he, oe 315 23 308 30 LOO, ssn 282 30 266 20 


EFFECTIVE WAVE-LENGTHS OF STARS IN CLUSTER 


TABLE Il—Continued 


i 


Star No. 


LuMikreE SEED 27 
Ae [Rel.Wt.| Agg [Rel Wt. 
288 ° 314 7 
323 ° 368 Io 
ES hraitl euemteece 379 3 
Sor} 76 330 | 24 
SrOu eae 515 24 
263 29 268 | 30 
Bel eet 375 I 
406 3 463 I2 
287 82 306 32 
331 Io 343 19 
352 4 385 | 18 
387 | 25 391 | 27 
SA xa a eee ee 388 ° 
332 | 15 327 | 24 
203 28 2902 30 
Se abet ssi 408 fe) 
388 | 10 393 | 19 
311 25 306 27 
eed anos 484 ° 
371 | 31 388 | 31 
359 ro 327 17 
266 30 270 31 
bee tied toceaen i 353 6 
brenda caine 233 ° 
498 | 16 512 21 
bien (oe ae 305 8 
Sierra al eae 338 if 
seo all Semper ee 367 3 
Brseipaaht ai sech tad 510 ° 
Bc ettnall io ortenaes 429 ° 
A os Loner 326 4 
280 | 30 282 30 
G7oh | Bee 245 29 
be Sea ncbicine 225 ° 
355 2 347 10 
344 II 327 19 
266 | 30 256 | 30 
295 29 299 | 31 
439 5 | 462 | 12 
B20 | 25 301 30 
283 | 32 297 | 32 
315 29 2E2) 30 
etal ees 483 I 
298 | 3 | 340] 9 
346 6 Bn II 
491 23 543 | 3° 
Sao Eee 308 I 
286 | 32 Distes BY 
Pr ceral Eker 482 ° 


Star No. 


LuMItre = SEED 27 
Neff [Rel Wt.| Aga Rel. Wt. 
524 4 501 12 
391 4 372 14 
516 I 483 9 
pete ates Caanenarene 463 I 
Pes 2s Wr Barc 338 3 
PR an netes 392 3 
Seabee nmmatn 321 ° 
ise ara lth ioe 432 ° 
Meta lSraares 370 4 
278 34 271 32 
338 | 32 339 | 33 
307 | 31 287 | 31 
Bris <3 297 | 29 
334 | 12 375 22 
es eget eres 360 ° 
357 8 334 | 16 
ASS OVO SSE oo 
316 ° 342 7 
AN |) 287 1 132 
351 ° 378 6 
323 6 332 Io 
254 | 25 249 29 
sper eae ete stirente 449 I 
305 I 318 9 
421 2 422 9 
Monat ehse"||(ccoketsy ars 355 4 
243 22 23.90 SO 
eters ais clas 302 ° 
5257) Se SCO ae 
308 26 303 30 
307 I 304 8 
326 | 19 329 | 26 
360| § | 350] x1 
orate hereon eG 581 ° 
314 16 317 21 
228 17 207 25 
anneal evanees oie 339 4 
S05" Si oars ane 
311 3t By | Be 
siete Saws 368 3 
341 TS 342 24, 
325 8 352 Io 
Bao oka dl tc.0 a os 395 3 
301 Oy 278 32 
Sean eel eroretags 352 fo) 
461 21 4608 27 
Har tewete kee accros 464 I 
309 | 2 | 418 | 7 
551 | 17 | 548 | 25 
382 2 403 7 


8 EJNAR HERTZSPRUNG 


TABLE IIl—Continued 


Lumikre = SEED 27 LUMIERE = SEED 27 
Star No. Star No. SS | a 
Nee [Rel. Wt.) Ace |Rel. Wt. Aepe |Rel. Wt.) Acq |Rel. Wt. 
DO Sere a etes ail) severs lal pete eel oro) Srerese| nbever oat QU ca 5 seeder | eae eee 388 4 
ROO odes tote lesainoaekere 405 4 STAMP nate 209 ° 306 i 
DOT RA Ge Rotate ci ehoNol sue acts 374 6 DUES sw dianayehetl erecta arene 382 ° 
BOS Sanaa Perce fyeeal | th eteaede 408 ° 200s. sees 306 ox 323 28 
DOO ene canals cpr paneutcuatel|(lestoos cael Me Mane eae O17 nee 315 22 Bau 28 
ZLO sionals 336 15 343, 24 DEB nso cig aif ough enatel|lale letetierell eee tee! arcane 
PD th denon Ae Oe 558 25 S700) 3h 219 339 10 334 12 
Pa ty ee aeeceer oa 306 | 22 325 28 


intensity, the mean error of such a result being about +26 A. 
From the differences between the values derived from the Seed “27” 
and the Lumiére ‘‘>”’ sets the mean error corresponding to weight 
6 is found to be 20 A. The agreement is satisfactory. There is 
some indication of a systematic error common to all effective wave- 
lengths derived from the same plate. So far as the material goes, 
this plate error seems to be of the order of +10 A. 


II. DISCUSSION OF RESULTS 


Fig. 2 is a graphical representation of the results. The appear- 
ance of this diagram is very striking, the most curious fact being 
the lack of faint white stars. For a further discussion it must be 
remembered that the effective wave-lengths of the fainter stars, 
say below magnitude 13, are much less accurate than for the 
brighter ones. The ordinates of the dotted line in Fig. 2 indicate 
approximately the value of the mean error of the effective wave- 
lengths for different magnitudes. The faint stars consequently 
seem more scattered over the different colors than they really are. 
Everything taken into consideration, we may say: 

The fainter the stars in the region examined, the greater the 
minimum effective wave-length. This minimum value, which 
increases with decreasing brightness, is rather sharply defined, 
and scarcely any stars are to be found with effective wave-lengths 
less than this limit. 

The only faint star which is a pronounced exception to this rule 
is No. 190 of magnitude 12.40, showing an effective wave-length 
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of only 4216 A; the next following of similar magnitude has 
an effective wave-length of 4316 A (No. 189), which is too A 
greater. The star No. 190<s found to be white on 6 plates, so that 
there can be no doubt about the reality of its exceptional color. 

The question arises whether this relation between apparent 
magnitude and distribution of colors is to be explained by selective 
extinction of light in space or whether it may be accounted for in 
other ways. It must be considered that the region in question 
includes stars belonging physically to the cluster and also other 


Fic. 2.—Effective wave-lengths and photographic magnitudes in N.G.C. 1647. 
Dotted curve indicates mean error of effective wave-length. 


stars belonging to the system of the Milky Way. The galactic 
latitude is —15°. All the physical members of the cluster may 
be considered as at the same distance, and hence for these stars 
we should expect the relation between color and apparent bright- 
ness to be about the same as that found for other clusters like the 
Hyades between color and absolute brightness. For the other stars, 
belonging to the general system of the Milky Way, we may, from 
all we know, adopt a distribution in space which, in its first approx- 
imation, is defined by a rather sharp outer limit beyond which 
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practically no stars occur. That is to say, stars of a certain 
apparent brightness cannot have an absolute brightness greater 
than that corresponding to the limiting distance. The maximum 
absolute brightness must therefore decrease with the apparent 
brightness. 

Now for stars of known absolute brightness and color we find 
that the smaller the absolute brightness, the yellower is the mini- 
mum effective wave-length, and that only extraordinary stars 
occur which are whiter than the limit thus defined. Dividing the 
stars of N.G.C. 1647 into groups of 29 or 30, I find the following 
relation between apparent magnitude and the median value of the 
effective wave-length: 


Pg. magnitude......... 10,02, TI.45 | 12-40 | 13300 | 23 74N aA eOulEr4aeAs 
Eff. wave-length ....... 4260 4300 4327 4347 4304 4389 | 4390A 
OO CR eae ae +4 ° —2 —2 —6 +5 +4A 


This relation as shown by the differences O—C is well repre- 
sented by the linear formula: 


Ng 4340= 30.5 (m—12.76). 


The increase in median effective wave-length for each magnitude 
decrease in apparent photographic magnitude is 30.5 A. It is 
remarkable that this rate, all uncertainties taken into consideration, 
is practically the same as that, namely 26 A per magnitude, found 
for stars of known absolute brightness and color within the same 
interval of effective wave-lengths (4260-4396 A).2. This is what 
we should expect for stars physically belonging to the cluster. 
But for the other faint stars we may also expect something similar, 
for it is a consequence of our ideas of the distribution of stars in 
space that the median distance of the fainter stars here in question 
will not vary much with the apparent magnitude. 


tSee the following article. 


See the following article. The fact that photographic magnitudes have been 
used here, and visual magnitudes in the following article, has been taken into con- 
sideration. 


3 The order of magnitude of this median distance of the fainter stars, say of mag- 
nitude 14, may be estimated in the following way. For stars of the photographic 
magnitude 14 we find the median effective wave-length to be 4378 A. It is obvious 
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We may therefore say that the results found in this note are 
in fair agreement with what we know about the distribution of stars 
in space and the relation between absolute brightness and color. 
They do not afford any evidence of selective extinction of light 
in space. 


Til. DETERMINATION OF THE PHOTOGRAPHIC MAGNITUDES 


The photographic magnitudes used in this note have been 
determined in the following way: During the measurement of the 
effective wave-lengths, the diameters of the central stars were esti- 
mated. Assuming that a difference of 0.5 in the logarithm of the 
exposure time corresponds to a difference of one magnitude, the 
estimates were converted into provisional magnitudes. These 
were used in the manner described above to reduce all the effective 
wave-lengths measured to the same intensity of image. For the 
more accurate determination of magnitudes in the central portion 
of the cluster, the following Schleussner plates were taken on 
January 14, 1913, by the “‘Halbgitter” method, with the 80-cm 
Potsdam refractor: 


Plate No. 
371 372 373 374 
Iaiboittern nets ate mere None None North South 
exposure time). o..5.0- 2X1I0™ 300 30™ Bom 
Sidereal time............- 3723" ghoom 4bso™ 5hsom 


The plates were measured with the Hartmann micro- 
photometer. The zero point of the magnitudes was fixed by 


that the ‘‘giant”’ yellow stars will form only a small minority among the yellow stars 
here considered. Now for “dwarf” stars of known absolute brightness and color the 
effective wave-length 4378 A corresponds to an absolute photographic brightness 
(referred to distance corresponding to =1’’) of about +o.5 mag. Assuming the 
same absolute brightness for the stars of magnitude 14 here considered, we find their 
median parallax to be o%002 and their median distance 1600 light-years. This is 
a plausible value. The parallax of N.G.C. 1647 itself may be estimated in the same 
way, supposing most of the tenth-magnitude A stars to belong physically to the cluster. 
Taking the absolute magnitude of these A stars to be —4, we find the parallax 
to be o”0016. I imagine that the determination of effective wave-lengths of faint 
stars will be a valuable help in sounding the Milky Way in different directions. A 
considerable number of the plates I took at Mount Wilson are meant to serve this 


purpose. 
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I2 
TABLE III 
PHOTOGRAPHIC MAGNITUDES 
Schleussner i 2 Schleussner | 7 ymitre 3 | Seed 2 
Star No. mene) ora ees oe rae Estimates Estates 
mag. mag. mag mag. mag. 

ogee tac neater tel once tates hi 14.45 BD, leaye | naetanatapeenii ae Tae 13.70 

TREE \rnitetama chee 12.86 I2.95 fs ie eh TA Sas il eed eee 14.30 
Oe ell CREA Fae eM Pots loko 14.40 GAL Agee | benicar 12.40 12.42 
VES een al be ee Ace 12.04 11.86 Bie heats ete II.95 De O2 
TREES ohh old suena Colne eaoscnni ated 14.20 SOneeees 10.07 9.92 9.94 
(CLS aa Seen ones | ee eaters I4.45 The Gee TAL OV lbeeree ree I4.07 

i eaten deer als 12.04 12.42 to oe 12.89 12.76 12.85 
Siode mais meets 9.81 9.94 ‘Sn sels 12.70 12.67 12.85 
Oui rete eo nares, IO.31 10.28 OO Nea: 10.04 10.03 9.94 
TOs pase Custer: TI50 List (5 Wersichret TA be Al enemacatat scale I4.45 
1 At eval bey Cod ohe cal ee eer 13.70 O22 Eee 1155; 13.60 13.62 
LPS oN ele ia ls eleaes Acerca mason oer I4.51 OBiatecss TOO) skeen ccae IO.1I 
DO Ue steel ete cveteaay teal 12.76 12.64 (oy area Pat aie n cil|5 ceoota setae I4.30 
TA tecaloyereets cere 10.67 10.50 OS serene I3.90 CGT) 13.79 
aL Grae sil ae crate vee 9.68 9.82 OOM. 8.83 8.71 8.68 
nO aiter si kinre cre a pee II.40 II.42 OF eee TASS MilpeSoes eats 14.45 
D7 Reet Mevepsieteeeyeas: | raiataten oe 14.35 OSs eas II.00 10.95 IL.O1 
TESA Seal bales na oene 13.41 13.44 OO’ sia. 12.81 £25776) 12.85 
LO\ehemeieiliser-keresnere 10), 2D 10.28 7 Omen 13.48 13.60 13.53 
AN clove mag. 12.50 T2053 Til alert 12.43 I2.50 12.42 
DU erat 13.04 12.95 TG Ths Year APs Marc cuierca & 14.48 
2 OMe al ey ae 10.95 10.91 03: cca Soe eae | eee 14.00 
Cee an ASA Mller rye 14.51 7 Nica IO. 41 10.40 10.39 
Oy hens 12.30 12.50 12.42 TG tewttess 10.09 10.22 10.17 
2G rere ee hate he a museca ie aie I4.51 TOne ee TAN AO! Bile erachorna res 14.50 
On ane 12.80 12.67 UD TAS 7 eee £2252 12.76 EOMTS 
2 Nee Ei 32 eee igh On Vici | TASORey ewer: 14.26 
2 Olena es ln Eres 13.86 I4.20 WO Behe BAKO Wile hitc ois Oe 14.35 
2O Ree LACE 7 aol archon tea 14.20 SOc ee II.50 T3509 I1.62 
3 Ol rare rs il nerans eeen clinics cycrectene 14.07 goa Gt ler 9.37 Q.27 9.41 
BT pene Lilet Gore either ee Le 14.20 ovals 12.64 12.67 12.64 
BG Ae 13.43 13.41 I3.44 Saracens TANI uence 14.35 
Basco 12.62 12.50 12.42 Sat ee hee es Ure II.42 
BA escent: 12.36 12.58 12.20 SS iheece 13950 12.86 13.05 
aS races AAG Wldeasnere uceeee 14.35 SOeee LALO Tar eres I4.20 
Basie es ipl ertche \tise ad edeee I4.07 Sethe ceo 12.93 12.76 I2.95 
27 caNde 14.01 eT] 13.78 Bore scl oer aierall Meal eeaeeared 14.30 
Ey oder hs lh aeaetoly aan I2.40 URS ei SOc Ss 10.79 10.95 10.90 
3 Obie: 10.16 10.03 9.94 OOsene 9.56 9.55 9.55 
INO A CAR PART On, dlenn wens ett 14.20 Ofeaa tal ekerrat. Saks 2 13.04 12.85 
ASL oe 1) OS I2.22 APP. wit O2naee E405 For 14.00 
AD ae 10.48 10.40 10.39 03% see En7O 13.77 13.79 
Astrea es 11.66 TA AO) Ir.62 Odie. 8.01 8.85 8.95 
Mr a or as PART waste ome 14.30 OS ea II.90 II.95 I2.09 
AS ant: 10.18 TOMES 10.17 OOSa sas T3570) Toeg7; 13270 
AG Mere 12.09 12603 LOOT, OFenecier 9.13 On27 9.26 
PAU pe eetea|ts Rosey E2en3 11.86 Ooms 12.69 12.67 12.64 
AS mente 10.46 10.31 10.28 QO TAN AOME NS. c, cee ae I4.50 
40a ate. 13.80 13.86 TANTO EOOn emer 9.77 9.81 9.69 
1G Oreste nal ame enn te II.Q5 11.58 EOWe ert 13.88 US Syl I3.70 
Sie 13.46 13.69 i335 TOD tease 13.79 10) iG) 13.62 
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TABLE IUI—Continued 
Schleussner Damnieress eas Schleussner : 

Stak No: use Estimates aint Star No. aera none Pcnele 

mag. mag mag. mag. mag. mag. 
LOD Fever. Le Gacy AM Ree yt ed 14.20 ec ad 13.64 13.78 13.44 
TOM ean 12.64 12.59 P2q5e DS Ome DAWA dee |e rete 14.35 
OR pe eit| Seen entice 8.85 Q.02 RY oe de TA Tom | ceieeerenm 14.30 
LOO.0m 6% 10.02 10.13 I0.05 TO ee TAZA learnt 14.20 
Tho eee Sates O8 | meena 14.26 PSOne TA 2 Aol eee ect 14.20 
TOS es T3243 13.60 13.44 TOO er DACAO Ms artery) 14.50 
TOO ..c2% EE.t2 UB Renee) Peet TOL Sra cel censors | ana ee 14.45 
REO ieee | Winrar ccs 12.76 12.85 TO 2 eee cal nee eee 13.78 I4.00 
TRL We rere) omen rece Te T2367, 12.85 TOs ae 10.52 10.67 10.60 
TS ae II.Q5 12.04 12.19 TOAnerae 22 ieee nee ass 
TEES eee BAL SO Malena cepa 14.41 TOS cee Ir.66 TsO II.51 
1G. ean 12.54 I2.50 12553 TOOnm nae II.29 II.40 The asi 
Leg ve aed 11.76 PDE 11.86 LO ers | Aer 12.68 12.69 
EO cis! TAVSOY, | easc chee I4.41 EOS TA AD TA ents ere 14.45 
UB ay pacer 13.02 12.76 12.95 LOOM eee i322 12.95 ey sails 
EOL ta 11.80 11.86 12.19 £70 saree 13.83 13.78 13.86 
EL Qe. TAS Oia |store 14.44 Boy Dia ellie sa pobe eee 13.69 13.70 
PEO asa. 10.83 10.95 10.81 172 Aree 10.83 10.95 10.90 
0 eae ie 13.00 TOT 7, 13.05 1.77.2 eee 183 768 13.78 0. fe) 
T2222 seer 4s< 10.19 EO.22 10.28 EAT 13.27 13p23 13.44 
EOS A TS e27 Ain | cree an 13.78 TG ee 8.92 9.00 On25 
LY Mya as TAA: asx Ceres 14.41 rE OMe TAOS alia eaters I4.00 
Doe cl etme ate (6.6) (6) ET hx TAn 3 kamen peer: 14.30 
FOO nee 2c 13.78 Tao 13.70 bao kets Atceer a erence a ae 13.69 13.62 
Ee, ge TRIOS) c| Faas cee 72.70 57 Ole 13.61 13.69 13.54 
2 oes. TA S30 cher cone I4.20 TSO TP OA es |ectecteer ie 14.00 
ZO meee. c TA? Ave | nora cde Ne 14.45 ESE eres ie Relenceeae 9.81 9.94 
ER Ome. EATAO Wickes 14.50 IRONS onc TAU Oma ee cer 14.50 
hh ot aeen TALOZ© Meuse ea I4.00 TO2 eee 13.41 13,0) i370 
LETHON orca TELOE 11.67 Ir.62 TOA 11.81 11.86 11.86 
eer aae 9.65 9-55 9.55 TOS eee: 13.50 13.60 12270 
Te ws Sec PAT OTs || are soe 14.44 TP SORe ee 1222 12.22 12.31 
TiS een ee 13.65 13.60 Teel OWS, 5 4.4% 13.48 tense 13.54 
iE SOs I2.90 12.68 12.95 ToS see TAO eee I4.41 
EON topes 10.20 10.31 10.18 ESO sates 12.38 22150 1), 9s 
BIO «2 11.80 II.59 TD. 75 LOO E Zs 12.50 12.42 
E20 pees EQS A 13.41 13.44 KCL e ue EAS oral NT cant aea ¢ 14.07 
AO Seay aie ect nccrsil cetaecess Soars 14.55 TOQUE ee 13.28 13.60 13.79 
AR eee TIGA ay a MIN| cosh ceeeerepa seated eee ALO MWe yee cee (Sab Cacho eee ib07 ie YS 
AD a ene ieee Hltesetee hl ree Oa as LOA pote ewe ope cacll eee ee 14.20 
TA ace II.95 DEO 5 WS TOG teach ope seca 12.50 12.59 
TAA Cs: II.00 Tie ate? II.00 TO Orme read eet e ston: 13.04 13.44 
AS meets Ir.48 II.50 11.62 LO petrol caer teeta | Seow aoe ree I4.20 
TM IGy,, cabo ieee s.cu, ora OO ee eRe 14.25 TO Gnca ait eee Phas: it OP TO Oe 
LAGS ae Baas 13.60 RA: Hoo morenline Soe Ame bloomer roe 14.50 
TAS ote 20 13.28 TGS PR L354: ZOO Rar Nialeievoeicueleio E2ers 12.19 
AQ Rees) ahd sca cee 9.81 9.82 ve Lou Be ath oe Buavcaisee prc fore aad caer I4.30 
LS OMe (Mirani ec tralia: asst ve ress 14.35 Tel ous nllera Gc oe De 13.69 13.70 
LE aS Rae I0.49 10.67 10.60 BOR A gn well aciasuens eas 12.40 12.42 
AR ae lean EAMSO a iecetie es 14.50 DY Kt, css lated entered 13.69 13.79 
Lites one Tee Palos 13.41 13.44 PYO Ch endl tase CCl Reeds GO oe 14.52 
TRG Aaa *6'|laisetcec bea silavens Tea40 oes 2X0 ee an Gla sued weel|leie olde omc 14.15 
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TABLE I1I—Continued 


Schleussner . Schleussner Brees Sredia 
Star No. Ppa Eee ne Star No. oan Bae Estimates 
mag mag mag mag 

BOM ieemtrts | seske iat seen + 13.86 13.86 BEA 5 5.50 [risen 13.78 13.70 
DOS eek eran eaarbeuctes|eba m pee rer 14.45 QT Bi) s«aralelle o eee ements | Renee Rae 14.48 
DOO arise Mise aets Pye eer ere 14.55 2IOS cc a0ei| te oer Up 108) I2.09 
DION eee ene ceeeu one 12.50 12.64 O33 hy REM CMPEN Fri in) Sc) circ I2.04 I2.09 
QUE Ara carayel ey ates (sitar: 10.40 10.50 DIB xv SS lincd, oahcheeae al | aaa ae ar feet ape eae or ey ontate 
PAHs ADEN D DOOD 12.04 11.98 2EQ uaa Alara ements E2077; 1g BANS 
DB Sal nh eA ae mol One oe colnT 14.15 


means of -plate No. 371, which contained, besides the two ex- 
posures of N.G.C. 1647, one of the same duration (10™) on the 
central part of the Pleiades. 

The extinction constant of the Halbgitter used was not deter- 
mined directly from photometric measures, but, as described in 
Astron. Nachr., 199, 247, from the ratio O—C/C—S,, where O is 
the magnitude of the stellar image without halbgitter, C of the 
central image behind the halbgitter, and S, of the spectra of 
first order. The constant was thus found to be 2.14 mag. The 
results are contained in Table III together with the estimates from 
the diameters of the stars on the Lumiére “‘D” and the Seed “27” 
plates, both reduced to the halbgitter scale. To these three 
series were assigned the relative weights 4, 1, and 1, respectively. 
The weighted means are contained in the catalogue, TableIV. The 
magnitudes of the stars outside the inner field of 40’ diameter are, 
of course, very uncertain owing to the neglect of the correction 
for distance from center of field. 


IV. COMPARISON OF EFFECTIVE WAVE-LENGTHS WITH SPECTRA 


It will be of special interest to compare the effective wave- 
lengths found here with the spectra of the same stars. With a 
mirror of 90 cm (35 inches) focal length, in connection with an 
objective prism 16X16 cm square, Professor Eberhard has kindly 
made a few exposures on the cluster, using Seed “30” plates. The 
best plate was taken on March 1, 1913, from 6o™ to 7432™ sidereal 
time, Potsdam. In order to reach stars as faint as possible, the 
dispersion was very small, the distance between H@ and He being 
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TABLE IV 
CATALOGUE 
2 Dist. from Effective 
Star No. a (1900)* 5 (1900) Center of | Ph. Mag. Wave- Rel. Wt.f 
Field Length 

itd Seto iere 4538™148 +18°53/5 27! EATAS eel weet nee eee 
Beeps ails «cs 20. EO) 222 26 12.91 4351 29 
i eens 24. TON e753 Oy] 14.40 4372 fe) 
BEE canbe ts 28 TOM ORs 26 11.95 4327 52 
Se on ee 28. 18 48.0 25 14.20 4512 2 
Orraeasisns 31 18 58.6 23 14.45 4421 ° 
7 ea Te 33: 18 38.6 20 12-12 4320 35 
SA creas & 39 IQ 4.0 23 9.88 4201 52 
Geicurtee orev 40 18 47.4 23 10.29 4262 56 
EO Mich ciate 4o. Rey One 21 II.40 4294 60 
1s SA ee 40. 18 38.8 27 13.70 4319 7 
ie OS A 42 18 39.4 27 TA tS Tee lbataes Seoestaese | eee ee 
ee eee 43 18 52.6 21 12.70 4577 35 
Lv eae es Oe 44. 18 40.3 26 10.58 4263 59 
TN css Salas 46 18 49.6 21 9.75 42098 50 
LOMarc toasts 48 TOM NOLS 22 II.41 4334 62 
sf elon ere 48 Tiel Ieee 20 14.35 4348 I 
EO cat ors, ote 48. TOMES 20 13.43 4357 15 
Ue Se quo ene 50 Ig 6.4 21 10.25 4253 60 
BOE scien 50. Igo 6.4 2I 12.52 4319 35 
Res BRIS 51 18 50.5 19 13.04 4371 25 
DOE Pelee s ‘Gis 18 38.5 26 10.93 4274 65 
72, Siac 54 iter [tie 18 14.48 4378 ° 
PARE eta or 56 19 6.0 20 12.40 4326 42 
Avs A BEHOD S 58. 18 35.0 27 14.51 4339 ° 
BOIS clendaie, «os : 20005 18 52.0 16 27 4340 30 
TE eds hs fe Toes 205 16 El 4289 62 
Dern ceis oe Bre 18 36.2 25 14.03 4443 i 
2 Seattle: oe 8 18 48.4 17 14.18 4401 3 
BOs eres e Se TOME OS 26 14.07 4435 Zz 
BE te fare eros 8. 18 35.4 25 14.20 4497 I 
SZ aac iaet Io. 18 51.4 15 13.43 4380 15 
oe Rees eee Il. IQ I1.I 20 T2057 4322 40 
BA ogee ielsiatess moe 18 39.4 22 52.37 4333 42 
DP eiaecepeicte ook 13 ue), stone) 16 14.45 4559 I 
SO Sey arrest I4 18 54.8 £3 14.16 4407 4 
Yi fal Sh ROO 15 18 51.8 14 13.93 4358 7) 
BS ysis tot 16 IQ 20.4 27 109) Os 4333 37 
BO aes wets sie L7e TS 57.2 12 10,10 4238 56 
BOs ocrrd guar IQ. 18 43.3 18 4.02 4370 3 
AD erisiscca ss 20. 18 54.5 tg) Tee 5 4350 46 
Aer eteds sae 20. 18 50.1 13 10.45 4271 56 
AS rare esrare Pe. 18 56.9 It 1.03 4304 61 
AAS i crore: aie oe 24 18 56.2 II I4.31 4397 I 
AR leks pa lass 24. To950.3 II so) 7/ 4257 62 
BOies raisies ce 26. O05 7 ou ste) 12.08 4361 50 
7 ee ee 26. IQ 23.4 20 II.99 4327 51 
ASeniad deck 27 fey egy It 10.41 4260 61 


* The period after the seconds of right ascension indicates an additional o85. 


+ The weight 6 corresponds to a mean error of +20 A, and, consequently, weight 1 to +50 A, 3 to 
+28 A, 12 to +14 A, 24 to +10 A, 38 to +8 A, 48 to +7 A, 67 to +6 A. 
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TABLE IV—Continued 
i rae Nes aeeaT HaecuNe mete 
a n . ag. ave- el. . 
Star No. (1900) (1900) id g Length 

AOMeEE Te 4539™298 +138°46'4 14’ 13.79 4317 It 
ROA ie Seren 31 Tomo 7) 30 11.76 4311 ie 
Bas Aree 32. 18 40.4 18 13.48 4431 16 
CO AMA ss a 33 18 35-7 22 13.73 4507 7 
C50, eARSe 33) 10 12:3 17 14.32 4384 I 
Sabena 34 18 28.6 29 12.41 4340 36 
Sears ngeay eevee ace 18 54.6 8 11.86 4327 53 
Oana aa Bi, Ig 10.1 16 10,02 4400 59 
i/8.a 0 A Om te 37 18 53.3 8 14.02 4372 4 
eve Hektcta shen 39. LOm.o- § 14 12.86 4336 33 
SO eae ctstets 40. 18 54.9 7 12.76 4339 34 
GOL Maemeies 4l. 18 50.4 9 10.02 4214 57 
OTB reenn ts 42 18 48.3 Io 14.50 4428 ° 
(OPIS Jaeiotl Lie 42. 18 49.1 Io Toe67 4559 I2 
OS Wonetecmtcns 42. 18 46.7 I2 10.07 4243 61 
AGRO aca Rents 43 19 8.6 I4 I4.30 4401 I 
OSs tar aates 43. 18 44.2 I4 13.86 4512 7 
OO tee) ieee 43. TOME On) 14 8.79 4253 58 
OTe cuestaees 43. 18 54.8 6 14.39 4372 ° 
OStatic ie. 46 EQ MSA: 9 10.99 4324 66 
GOP pen see 48 LOue5 4: Io 12.81 4334 33 
7 Oa setter 48 18 45.5 2) 13.51 4523 13; 
FiLincisstousiy ese 48. ig. ine Bie) I2.44 4320 40 
OT Diss eet ee oe 50 18 55.6 5 14.55 4424 ° 
7 3a arene se 51 LOwsE2 25 I4.00 4489 2 
fh ip on Sete ke iE 18 56.1 4 IO.41 4261 62 
TS aarp ats 52 OMS Gee 4 10.12 4281 62 
7 Opa At cTaNt 52 TOU 4707, 10 14.49 4347 ° 
Tile See ne ES, 53 53 5 12.80 4337 34 
Sima ne ve 53 1&8 54.4 4 14.25 4359 2 
TO mene 56 18 59.6 5 14.59 4562 2 
BOS wacicess 57 TOM ese 8 ETS? 4207 63 
Site eames oe isype IQ 5.9 Io 9.36 4250 57 
Sore rae at Oi 18 42.0 I5 12.64 4484 35 
Biome raehe orice 58 18 47.9 9 14.25 4352 2 
Sat sees 59. 18 46.3 Io II .33 4290 61 
SRE ces oe eee 40 0 19 65.8 Io 13.05 4350 26 
SOmerte re fe) 18 42.2 14 I4.10 4366 3 
0 AAEM RE Are I 18 56.4 2 12.91 4352 29 
tole) amen 3 IQ 14.9 19 14.30 4301 2 
SORs ene eee 34 18 48.8 8 10.83 4276 69 
OO rer Se 18 46.0 aK) 9.56 4255 56 
OTA ns ee 4 18 29.0 27 12.94 4411 26 
O2ine mie Make 4 TO Omn ae) 14.06 4322 4 
OSeerysciee 4 18 55.1 2 173 4330 7 
O45 Picea: 5 18 59.9 4 8.91 4251 59 
OS ere ar re Ss 18 59.0 3 II.94 4306 54 
QOmy seers F 18 55.0 I Tou 4341 Io 
CoV JR craneseden cnc 7 18 50.7 3 OnE7 4245 58 
Sie aie ee 8. 18 54.1 2 12.68 4321 37 
OOS sen SOS 9 18 30.1 17 14.42 4417 ° 
LOO nea: Wee e Q. 18 56.3 fo) 9.76 4274 59 
IOI 10 18 51.9 4 13.83 4312 7 
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TABLE IV—Continued 


Dist. from Effective 
Star No. a (1900) *8 (1900) Center of | Ph. Mag. Wave- Rel. Wt. 
Field Length 
TODS ee 4>40™r48 +18° 58/7 cy 13.76 4366 10 
TOR pac ieecstee 14. LOM 25 ie 14.26 4379 B 
TOA raise eaves 15 18 52.6 4 12.61 4330 40 
LOG scm sarc nes I5 TS ay ek 19 8.94 4513 48 
TOO sein htew oss 15 18 51.4 5 I0.04 4266 59 
HOP ames «s,s DG 18 54.9 2 14.34 4375 I 
TOS aenvaneren 2 2 18 47.1 9 13.46 4452 a5 
POG pie os sia 16 RS) Ny 2 Il.14 4207 64 
ERO erates orc eiehs 16. 18 28.9 27 12.81 4339 29 
TEN ts wae Seo 17 OES Gey 3 L270 4378 22 
ERAN are 18 TO) 5307 3 12.00 4389 48 
Re tre oeaeyeetoe 19 18 44.9 12 14.34 4388 ° 
IPA ory tech sors 20 TOM fee II 12953 4329 30 
0A Sra aed 20 18 47.5 9 Ero 4292 58 
TEOse tars 20. TS 51.2 6 14.48 4408 ° 
TQ ees stays’ so) 21 LOM EEO 6 12.07 4391 20 
EO erste bette oh Be Lom tO 6 11.87 4308 52 
ELOeteysis Wet ap IQ 12.4 16 14.54 4484 ° 
Wie Reon 22% LOe53e4 4 10.85 4379 62 
RAT eRe oe 24. TOMO SE 5 12.97 4339 27 
D2 ee crsjate) oo 25 TOOL Io IO. 21 4268 61 
LECAs re aes 26 18 42.1 15 TTA 4353 6 
DAN perce fers 26 18 46.7 Io I4.40 4333 ° 
HD Gaaierk se ans sia 26. Toesoee 23 6. 45006 37 
T20 vee ee Pah. 18 44.7 iD B37; 4395 8 
ee 7 eee et co fe 18 47.9 9 I3.90 4338 7 
PIS 5 seis, 2 Zine Ig 10.8 15 14.28 4307 8 
P20 ee erates 28 18 41.6 15 14.36 4510 ° 
DBO oes 29 18 44.0 13 14.49 4429 ° 
Tee Motes 29. TO pe eee af I4.02 4326 4 
iF te cee 30 TOMROES ire EL O2 4281 60 
Maser, dee 21. OMe Lee 7 9.62 4243 60 
TA exis eee BAR IQ 4.4 Io 14.62 4225 ° 
EOC ere cia 34. 18 57.9 6 13.62 4349 I2 
130......... 34- 19 3.7 9 12.87 4333 30 
EU: dooce 25. TOES i-O 8 10.20 4261 60 
Liye AOE 38 I9 0.5 8 11.76 4207 60 
ESO arses 40 Ol Ci/ 8 13.50 4455 17 
ER Oeste pes 40 18 30.1 27 EA RB See lees ss crerewsae cel love togeeeretiateee 
17 np 4o. 18 58.6 8 i Ure al Biever ore ol Peele Oo chs 
Ga as a 4l. 18 46.2 13 LG Bath ln revanay craven] Crgoceeen conn: 
EA Seg ree 42. 18 47.9 It II.92 4310 55 
Rate eet rere aie Ae 18 54.3 8 imeney) 4290 64 
BAL Ste yarct tetera 43 18 56.3 8 ime, st 4313 59 
TAO esheets 43 TON34n 23 I4.25 4483 ii 
Sh ete aoe AZ: 18 48.0 II 13.44 4329 12 
TA Gia Wevere ie ccsere 44 18 48.9 Ir 13.31 4325 17 
17 Ce ee eee 44. I9 18.7 24 9.82 4520 53 
5 O Sec i 44. iif) BO\9/ 28 14.35 4308 I 
DET wctsvcn le. ok 46 18 55.9 9 10.54 4272 64 
DID Men selve aces 48 18 47.4 1m. 14.79 4482 ° 
DB Sarat reictessin 51 ite) Le II Gd 4507 16 
EGA aac sos 7) 18 37.8 21 1B, BB 4377 18 
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TABLE IV—Continued 
i ee om on tt eatee 
. a ave- el. . 
Star No. a (1900) (z900) a & Tenet 

Teo Maaco 4h40™s2 8 +19° 6/0 14’ 13.63 4486 Io 
TS Ou rollers 53 18 55.8 Io 14.40 4463 I 
TCO eects sterets Bo 18 46.7 I4 PULA ao wai olla o.007.0.0 6 
MG Sele cremsanwe eh TOn52a3 II WARS 4338 3 
ViG{eye anroendio- oi 54 TOMES EO 14 14.23 4392 3 
EOOme rach eee 54 TOMO: II I4.42 4321 ° 
LOT eer 54. Ig 16.2 23 14.45 4432 ° 
LODE Sm taser ats 55 Ig 24.1 30 13.89 4370 4 
TOA Geant SSE 18 45.6 15 LEESO 4275 66 
LOA yas tats ve 56. ig 9.8 17 I1.20 4334 65 
LOR eae cre 56. Ig 6.1 I5 11.61 4207 62 
TOOW AE soe 57 18 47.7 14 EUs m 4304 62 
TOFiets eee 58 Ig 10.1 ae) 12.69 4361 34 
TOS.g ire eye 58 iS) 1608) 12 14.43 4360 ° 
TOOMS ae 58. 18 51.4 13 13.16 4342 24 
D7 Once 59 18 57.8 12 13.83 4363 6 
7 Bete tesa coro Ares 18 36.0 24 13.70 4340 7 
Tay per Sline Ooche Dy. 18 56.5 I2 10.86 4287 62 
SOA Ya lciceore ane 3 18 45.1 17 13.75 4376 6 
D7 Agere esis se Be 18 50.9 I4 13.29 4329 16 
OU fs ea ee Ok: 4 18 53.9 13 8.99 4251 54 
Tek oration Sct: 4 18 53.5 13 F204 P\lGsecerens | seeebeee 
Dy Wanererstsevet 4. TOMS 25 14 TARE 4449 I 
7 Sire tyeiecs sae 5 LS 35.4 25 13.65 4316 Io 
iG (Oke iene aol 5 18 58.1 ing: 13.61 4422 Ir 
ESOR chew es 6 Ig 8.0 18 13.87 4355 4 
EST eee) ae acres 7 18 31.2 29 9.88 4238 52 
TO Ber opsccnstats 9 18 43.6 19 14.55 4392 ° 
i Go ere eae Io 18 56.1 14 13.44 4316 13 
LOA eetawtes Ii 1857.4 14 DOS 4305 56 
PO BM II 18 41.5 21 Tops 4304 9 
TSO reas ay Ig 5.4 17 wns) 4328 45 
LSU AS S BOO AS 12 TOMS 7 13.46 4353 16 
TOSinere cere ate TA 18 44.9 19 I4.21 4581 ° 
TO weewe oes ss 16 18 39.0 23 12.46 4316 37 
TOR sev aoe 17 18 57.6 16 12.40 4216 42 
LO Dyin a's 22 18 32.4 29 14.07 4339 4 
EQ 2 eesti see Dee 18 45.6 20 13.42 4360 9 
LOSE tsktocie ae 23 18 35.8 27 shite YA 4308 61 
OAM ecimcatsia's 23 18 33.4 20 I4.20 4368 3 
LOS csc me DE. Ig 19.1 29 D2) 55) 4342 39 
TOO Gea acciren 25 18 44.9 at 13.24 4340 18 
TOP ies rtscevans Dif TSO SS 5 18 14.20 4395 3 
TO Sree et 28 to) 6.2 21 iGagey 4290 64 
LOOM ar crane Bike 18 36.5 28 14.50 4352 ° 
ZOOM eee Bite 19 5.8 21 L200 4465 48 
ZOP acres Bal T9375 28 I4.30 44604. I 
ZO Diatens centre 38. TOMA 22 13.70 4413 9 
BOR ranwtiabeier 43. Ig 16.1 30 12 Ar 4549 42 
QOAR ra tis 48 Ig 10.8 ANG THe} 9p 4397 9 
QOS hye tin steve 48. 18 50.3 23 LA SOI Dh wha asenclic oie stl ekeaeh ee 
BOOM reenter 48. 19 0.3 24 I4.15 4405 4 
DOT es 49. 18 40.1 20 13.86 4374 6 
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TABLE IV—Continued 


Dist. from Effective 
Star No. a (1900) *8 (1900) Center of | Ph. Mag. Wave- Rel. Wt. 
Field Length 
DOS me tras 4541™49 8 +19° o!5 24! 14.45 4408 ° 
2OQK Geist see 49. 18 44.4 26 ie et, GO iene ches 
TO ees oie apt TOMescy, 25 T2057, 4340 39 
DEL eomas sacs Si: TO 023 27 II.45 4565 56 
SUC aR OG 56. Ouse 30 12.01 4317 50 
DER UR eerste 58 18 54.3 26 14.15 4388 4 
DEAS ee es ASS ie He ah oy] 13.74 4306 7 
BEC cA te oie 3 18 51.8 27 14.48 4382 ° 
2 EO cies cae ze 18 47.1 28 2a oe 4316 49 
A 8 9 etree SEE 4 TOES 520 27 12.07 4324 50 
DT Sree aoe 9 18 58.5 28 (11.9) (4330) ee oeee 
2TOM ek Io T3501 7 29 13.06 4336 22 


only 0.75 mm (0.03 inch). The classification of the spectra could 
therefore be made only roughly. The results I obtained are given 
in Table V, arranged according to effective wave-length. The 
median value of the effective wave-lengths of 23 A-type stars is 
4266 A, which agrees well enough with the value given above for 
stars of zero color-index, viz., 4234 A. 


TABLE V 


EFFECTIVE WAVE-LENGTHS AND SPECTRA 


Star No. Sp. ret Star No. Sp. reff Star No. Sp. reff 
Gone A? 4214 eUfemeral) was 4261 iin eal| Ish 4290 
B50) Jah 4238 Oheacii estes 4262 Mccall LN 4207 

Teepe cell wlaae 4238 Fibs ses al) > oe 4263 Wo 55|| Jes 4207 
Okisae F? 4243 LOO es |-ae 4266 i tricsoalp debi 4208 

Teleco al! IN 4243 eal WAN 4268 WOR scant BSP 4308 
Ove A 4245 AD gee) ey 4271 TBs adal| evi 4310 
Bien A 4250 Hii. sal) oa 4272 (fewer aga 4324 
O4e-. Ae 4251 WBE wool) Leh 4274 Gite ccnln eels 4327 

TTR FP 4251 TOOme een 4274 TOAp Ee F? 4334 
TOME |) ee 4253 TO3 ee |e Ae 4275 Kecooll Gpyik 4400 
66...) <A 4253 SO aa ENE 42706 iS ono Kepik 4500 
Cerenal) wat 4255 Pee ANE: 4281 Wscoac| Enis 4513 
Asner A 4257 syd 5c € A 4287 WO sqoe\| (ale 4520 
4502. A 4260 Pag ese A 4289 21 tae | Ge Ke Ml AcOS 

oan A? 4201 Sarin A? 42000n| | semen Booces Bae 


PoTsDAM 
January 25, 1915 
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EFFECTIVE WAVE-LENGTHS OF ABSOLUTELY 
FAINT STARS 


By EJNAR HERTZSPRUNG 


It is a well-known fact, of which the stars a and 6 Orionis may 
be taken as extreme examples, that absolutely bright stars may 
have all colors between red and white; but the fainter the absolute 
brightness, the more limited is the range of color within which 
the stars are distributed. This limitation is practically one-sided 
in the sense that only rarely are faint white stars to be found. The 
less the absolute brightness, the yellower is the color, with only a 
very few stars which are relatively white. 

In order to test this relation between absolute brightness and 
color down to absolute magnitudes as faint as possible, I took with 
the 1.5-meter (60-inch) Mount Wilson reflector in the manner de- 
scribed in the preceding article’ on N.G.C. 1647 a number of 
effective wave-length plates of faint stars having large well-known 
parallaxes. All exposures were made on Lumiére “2” plates.” 
Care was taken to reduce the effective wave-lengths to the same 
zero-point as those for N.G.C. 1647. The values given here can 
therefore be directly compared with the former. The effective 
wave-lengths have been reduced to the same zenith distance. 

The results are given in Table I. This table contains among 
others the absolutely darkest stars so far known, which unlike the 
companion to Procyon are not too near a bright star for proper 
examination. The absolute parallaxes are those in Groningen 

* Contributions from the Mount Wilson Solar Observatory, No. 100; Astrophysical 
Journal, 42, 92, 1915. 

2The measures were made at Potsdam, a Toepfer machine with measurable 
movement of plate being used. 

3 Owing to selective extinction of light in our atmosphere, the effective wave- 
length of a star increases with its zenith distance. At sea-level this increase amounts 
to 35 A in passing from the zenith to a zenith distance of 60°. The greatest differ- 
ence in corrections occurring here was 20 A for r Ceti as compared with stars near 
the zenith. 
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4 EJNAR HERTZSPRUNG 


Publications, No. 24, due regard having been given to additional 
measures. 

Judging from the common proper motion and radial velocity, 
the brighter stars belonging physically to the system of the 
Hyades are, as is well known,‘ divided into two distinct groups, 
one consisting of a few yellow stars and the other of white stars, 
which form the majority. The mean effective wave-lengths for 
two yellow and for eight white physical members of the Hyades 
have been entered in the table. 

Concerning our sun, I have been able to determine the effective 
wave-length of its light only as reflected by five of the satellites 
of Saturn and by the planetoid (8) Flora.2, The weighted mean 
(s to 1 according to the number of objects), 4375 A, has been 
entered in the diagram (©) on the assumption that the quality of 
the sun’s light is not seriously altered by the reflections in question.$ 
Finally, for a few bright stars of well-known parallax, I have trans- 
formed the color-indices, J, given by E. S. King,‘ into effective 
wave-lengths by the formula 


Ng = 42344210 I. 


These results are to be found in brackets in Table I. 

All the results are shown graphically in Fig. 1. The full 
line represents the radiation of a black body of the size of our 
sun. The points represent the stars, and the sign 0, the reflected 
sunlight, for which the effective wave-lengths have been determined. 
The circles show the color-indices by King, transformed into effective 
wave-lengths. 

The appearance of this diagram is interesting. When we neg- 
lect the absolutely bright yellow stars, which are represented in 
the figure by the mean of only two bright yellow Hyades, we may 
state the following: 

* Cf. Potsdam Publ., No. 63, p. 26, 1911. 


? October 16, 1912, 233 sidereal time. Three underexposed plates of (433) Eros 
were obtained on September 11, 1912, between 2085 and 214 sidereal time. The 
uncertain effective wave-length derived is 4506 A. 


3 It may be recalled that the satellite I of Jupiter (Io) shows a markedly greater 
effective wave-length than satellites II, III, and IV (Potsdam Publ., No. 63, p. 40). 


4 Harvard Annals, 59, 177, 1912. 
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On the supposition that stellar surfaces radiate approximately 
as a black body, the relation between absolute brightness and color 
from absolute magnitude — 7 to +3 deviates from the same relation 
for a black body (full line) in the same way, and approximately 
to the same extent, as we should expect from the known increase 
in density’ and decrease in mass’ with decreasing absolute bright- 
ness. But below absolute brightness +3 mag., between +3 and 


4100 
—10o —-8 -—-6 —-4 -2 ° +2 +4 +6 +8 +10 
Fic. 1.—Abscissa: Absolute magnitude (sun= —o. 33) 
Ordinate: Effective wave-length 


+8 mag., the deviation from the radiation of a black body is too 
great to be explained by facts already known. 

With the single exception of the white faint companion to 
o, Eridani? we may say that the stars between absolute magnitudes 


t Shapley, Astrophysical Journal, 38, 158, 1913. The average density of a star 
of the first spectral type may be taken to be about o.1 of that of our sun. 

2 The statistics of spectroscopic binaries have been specially investigated by 
H. Ludendorff, Astron. Nachr., 189, 145, 1911. 

For 15 stars with known mass and parallax I find a decrease of 0.06+0.01 
(mean error) in the logarithm of the mass for each magnitude of decrease in absolute 
brightness. 

3 This exception is, in fact, very strange. It is the well-known double star 2 518, 
which has a proper motion of 4”r yearly in common with 0, Eridani. The com- 
bined magnitude of the two components is 9.48 mag. and the difference about 
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+3 and +8 are approximately all of the same color.* Proceeding 
from the absolutely brightest stars to the fainter ones, evidently 
a new unknown element comes into action at about absolute bright- 
ness +3, which stops the further increase in effective wave-length 
with decreasing absolute magnitude.” 

If the difference of 5 mag. in the absolute brightness between 
+3 and +8 mag., within which the color remains constant, were 
due only to differences in the size of the stars, the ratio of mass to 
density would be 1000 times greater at absolute magnitude +3 
than at +8. We cannot imagine such a difference as due to change 
in density alone. 

Concerning the mass, we are able to eliminate the effect of its 
variation on the size of a star when the object is one of the com- 
ponents of a double star the apparent orbit of which, together with 
the ratio of the masses of the two components, is known. Call 
the masses of the two components, in terms of the sun, M, and M,; 
their apparent magnitudes, m, and m,; the apparent major axis 


x.7 mag. From the apparent orbit and the parallax, which are both approximately 
known, we find the sum of the masses to be Mi+M,=0.76©. This is no exceptional 
value. 

At the Solar Union, 1913, Professor H. N. Russell told me that this star had been 
found at Harvard to have a spectrum of Class A. This agrees with Adams, who found 
the spectrum to be A (Publ. Astron. Soc. Pacific, 26, 198, 1914), and with my effective 
wave-length. 

The exceptionally white color of the faint companion to 0, Eridani recalls the 
white 12.4 mag. star No. 190 of the cluster N.G.C. 1647 (compare the preceding 
article). Perhaps there is also physical analogy between these two stars. 

In this connection it may be noted that Adams has found the 7.3 mag. star Lal. 
28607 (15537™7, —10°37’; 1900), the proper motion of which is r”17 yearly, to have an 
A spectrum and a radial velocity of —170 km. The absolute brightness of this 
star, when estimated from these data in the way described in Astron. Nachr., 185, 
92, 1910, is found to be —1.3 2.45 mag. (meanerror). The absolute brightness may 
therefore very well be the normal value for an A star, namely, about —4 mag. The 
measured parallax, +0703, is very uncertain. 


* From different sides it has been suggested to me that this phenomenon might 
be due to the rapid falling-off of the sensibility of the plate at the end of longer wave- 
lengths of spectrum. In objection to this I wish to mention that the linear relation 
between color-index and effective wave-length still holds for fourth-type stars with a 
color-index of about +2 mag. and an effective wave-length of about 4600 A. 


? The earlier inferior results, Potsdam Publ., No. 63, p. 40, 1911, showed only the 
general increase of effective wave-length with decreasing absolute brightness. 
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of the orbit in seconds of arc, a; and the period in years, P. The 
absolute magnitude (for a parallax r=1’’) of a star having the 
same surface brightness arid density as, for instance, the first com- 
ponent, and the same mass as the sun, will then be: 


a3 
P (a7) 
The number of double stars of known mass ratio being small, I have 
adopted for other double stars equality of masses. Especially 
when the two components are nearly equal in brightness and color 
is this assumption plausible. 

We may still increase the number of objects reasonably well 
suited to this investigation by including double stars when only 
the first trace of orbital motion has been observed. For such double 
stars we are able to calculate a minimum value’ of a3/P?.. Mr. C. 
Luplau-Janssen has kindly examined statistically all double stars 
with known orbits and found that the true value of a3/P? is on the 
average (1.65)3 times greater than the minimum value derived 
from a single element of the apparent orbit.? 

By these more or less tentative methods the values given in 
Table II and shown in Fig. 2 were found. It will be admitted that 
the effect of differences in mass on the size of the stars has been 
eliminated to a great extent; nevertheless, Fig. 2 has the same 
general appearance as Fig. 1. We may therefore conclude that 
differences in mass are as little capable as differences in density 
of explaining the constancy of color between the absolute mag- 
nitudes +3 and +8. 

It is an obvious suggestion for the explanation of the fact 
found above that the absolute magnitude +3, corresponding to 
the temperature 3400° Abs. of a black body of the size of the sun, 
represents the stage of a cooling star at which the formation of 
relatively dark solid matter on its surface begins, the remaining 


My, r=1", M=O =m.+° log 


t Astron. Nachr., 190, 113, IQIl. 


2 The proportion between the true value of aP—? and its minimum value does 
not vary much for different double stars. The mean deviation from the logarithm of 
the mean (log 1.65=0.22) is about +0.085, corresponding to +o.43 mag. 
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fluid part giving practically all the radiation. At any rate, these 
absolutely dark stars deserve further attention. They should, for 
one thing, be examined for variability in light. 

It must be kept in mind that the longer effective wave-lengths 
especially depend only upon the distribution of energy within a 


TABLE II 
: Minimum one 
Star Bae: eae ete | ara thetical d eff 
Harv. M:+Mi=© Mi+M2=© Abs. ag. 
F Ostonsi, oSasce 2™o5 O5008) Gale eee I —7™85 | [4154] 
“yn Weonise Avie eres 2.61 50245 |e I —4.90 | [4442] 
© Whe; IMB No dec 2.40 MoV fed ntact oro tae I —4.86 | [4240] 
BrAurigae:Aw ne 2: 8 2p pl Layee 07040 I —4.66 | [4219 
QuUrsm Mais Avene 1.95 LO4OS tle aaa I —4.43 | [4474] 
GuGeminwAtr re re EAOOe | scaeene roe 117 I —3.17 | [4257] 
a Can. Maj. A = TSS. |e orserstayeiees 568 ©.39 —3.05 | [4272 
OuGemin-;Am ener = 3253 ROK Poses er a es I —2.99 | [4314] 
teUrss Maj. Aen. Ba? SOOES 3 SAG aoa I —2.35 | [4297] 
an@an. Min Ata..: 0748. Weert: 352 0.33 —1.99 | [4308] 
§ Herculis"Al% <7... SLOST S| Sehr .128 0.43 —1.67 | [4337] 
Aa Virginiso Ay... e BGC ceepeeer crete . 119 I —1.47 | [4282] 
CORP ersely Aarne er 4.23 O07) Gehan sco ae I —1.05 4299 
Slings este > = 2659)., | \ilitsadeede = ne enters eee —o.33 | (4375) 
MeCassiopy Ase ae BOF) Marner . 200 °.76 —0.23 | 4325 
IVA A Sy AV aie ass 8.35 NO24 Calas oniee I +0.84 4393 
DONG EYS os 7 Sects od Oe 8.89 Rep Wea neo ee I =-1.39 4527 
ohT2 SOLACE preinieeste 8.65 1OAS™ emer: I +2.64 4543 
2 GRO) LEN ras) BiG Git 8.65 O49) U|Grcsensee I +2.64 |} 4533 
On CyenitAtea.. S57 PROO Sl tumaeniee ts I +2.65 4532 
MECASsiOp ain -eaen. TAL a \aheterettecr . 200 0.76 +3.31 4512 
GrCyenivB aac 6.28 TOOm |e ciaeeeeer I +3.36 | 4556 
BV PUN. 6 oiqccasean Onsen S050) ‘Vet es oreane I +3.75 4494 
O2B5 47a bea ee 9.31 cOSOM a |toorunces I +-3..75 4534 
22 OT Jehns oO GOO 8.0 eZ 2Op" [Sette arse I j-305n|m4523 
22) EOD eG oO Od Cac 8.0 A EZOON |e astrec ateverere I +3.98 4523 
Groom. 34 A..... 7307 HE Fo Nine Weis oes I +4.00 4529 
OpRerseil Bawa. 9.86 SOO 7a || wees I +4.58 4504 
Onbnidanins ser O00" Tawa: 0.163 I +5.25 4179 
Z1E230 SEA aan 9-33 5 123" 1102 eee I 5.30 4520 
Kriiger 60 A..... 9.59 ESA Ml ecleanrerseere I = mitetek! 4531 
22) PRN) Msn 5 pr Ob cee 10.10 Be es Gcresctant I +6.13 4530 
Groom. 34 B.....| 10.99 BL23 | hooere ara I +7.02 4574 
Kriiger 60 B..... II.59 OSTZAy | |e otras I “+7 .o1 4544 


narrow part of the spectrum. It would be of special interest to have 
the results found here confirmed by measuring the color-indices. 

As all my plates were taken between July 18 and October 17, 
1912, inclusive, a number of faint stars with well-known parallaxes 
could not be included in this note. 
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I am greatly indebted to the director of the Mount Wilson 
Solar Observatory, Professor George E. Hale, who not only immedi- 
ately granted my request-to use the 60-inch reflector for the deter- 
mination of effective wave-lengths, but also offered his assistance 
in realizing my plans. I owe the main part of the necessary funds 


—-10o —8 -6 —-4 -2 ° +2 +4 +6 +8 +10 


Fic. 2.—Abscissa: Hypothetical absolute magnitude (mass= ©) 
Ordinate: Effective wave-length 


and five months’ leave from Potsdam to the Prussian government 
and the Academy of Science of Berlin. I wish also to express here 
my best thanks for the kind and disinterested help given to me by 
all of the Mount Wilson Observatory staff, not the least to Mr. Hoge, 
the indefatigable night assistant. 


PotspAM ASTROPHYSICAL OBSERVATORY 
January 25, I915 
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COLOR-INDICES IN THE CLUSTER N.G.C. 1647 
By FREDERICK H. SEARES 
I. INTRODUCTION 


For the determination of the color of the stars two methods are 
available. The first, with the aid of a coarse objective grating, 
measures directly the mean effective wave-length of the light 
which impresses itself upon the photographic plate,’ while the 
second compares the relative intensities of the radiation in two 
more or less widely separated regions of the spectrum. The 
latter method is most conveniently applied by choosing for the 
comparison the spectral regions whose intensities are expressed 
by the photographic and the visual, or photo-visual, magnitudes. 
The measure of the color is then 


Color-index=C = Pg— Pi, 


in which Pg and Py are the photographic and photo-visual magni- 
tudes of the star in question. 

With suitable instrumental equipment the measurement of the 
effective wave-length is an expeditious and convenient method of 
procedure; but since precise magnitudes are required for the 
investigation of many questions, the determination of star colors 
is readily made incidental to the measurement of brightness, so 
that the second method also has its advantages. 

The mutual control afforded by two processes so different 
in their observational details is invaluable, especially as both are 
liable to more or less troublesome systematic errors. The effective 
wave-length, for example, depends upon the intensity of the small 
spectral image from which it is derived, and the results must 
accordingly be reduced to a normal intensity. Hertzsprung avoids 
the greater part of the difficulty by making a number of exposures 
on the same plate with gradually increasing exposure time, and 

« Hertzsprung, Potsdam Publ., 22, No. 63, 1911. The earlier literature is listed 
in Astron. Nachr., 182, 301, 1909. 
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then selecting for measurement only those images which, as nearly 
as possible, are of a certain standard intensity. The color-index, 
on the other hand, as shown by the equation defining it, is seriously 
influenced by relative errors in either the slope or the zero-point 
of the magnitude-scales. 

As the precise determination of a scale of magnitudes is not an 
easy matter, the color-index is peculiarly liable to error, and the 
difficulty increases rapidly with decreasing brightness of the stars. 
To be useful, color results must be homogeneous; they must be 
directly comparable, whatever the relative brightness of the stars 
to which they refer. It is not sufficient, therefore, that the magni- 
tudes should be relatively accurate for a limited range; in both 
scales and for all degrees of brightness, they must be correct rela- 
tively to the zero-point defined by the stars of the sixth magnitude. 
If either scale is in error, the equation 


C=Pg—Pv 


will give an incorrect result unless the other happens also to be in 
error by the same amount. The demand is therefore exacting, 
especially when it becomes a question of the color of the fainter 
stars, for with these the cumulative error in the scales has its 
greatest effect. 

In fact, the difficulties hitherto experienced in establishing 
satisfactory scales of magnitude have been so considerable that it is 
advantageous to utilize in another direction the possibilities of the 
two methods of color determination by employing them to test the 
reliability of the scales. Given a series of carefully determined 
effective wave-lengths, we can, by means of stars of known color- 
index, turn the entire series into color-indices. A comparison with 
the corresponding results obtained directly from the magnitudes 
will then show at once the relative errors of the scales, although 
not their absolute values. Any systematic error in the effective 
wave-length is of course also involved; but this is small, and prob- 
ably but little dependent upon the brightness of the objects 
observed, while the uncertainty affecting the color-indices derived 
from the magnitudes of faint stars is relatively large. It is not to 
be understood that the errors inherent in the colors derived from 
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magnitudes are necessarily large, for when once we have been 
assured that reliable magnitudes are available, it is probable that 
the two methods will give results comparable in precision. ‘The 
difficulty is that we have no such assurance—in fact, no inde- 
pendent control which is capable of specifying what the uncer- 
tainties affecting the magnitude-scales may be. 


Il. OBSERVATIONS 


It is the purpose of this note to test in the manner indicated the 
photographic and photo-visual scales established at Mount Wilson 
for stars near the North Pole. Effective wave-lengths for these 
objects are not available, but Hertzsprung has derived such 
results for nearly 200 stars in another region, N.G.C. 1647, which 
are immediately applicable to the problem.t To effect a com- 
parison it is only necessary to transfer the polar scales to the region 
of the cluster by photographs of multiple exposure. 

To this end comparisons were made between the Pole and the 
cluster, using the same kinds of plates as in the investigation of the 
polar magnitudes—Seed “27” for photographic, and Cramer 
“Inst. Iso.”’ with a yellow filter for photo-visual magnitudes. Five 
separate transfers of each scale were made, and to minimize atmos- 
pheric irregularities no two of the same kind were undertaken on 
the same night.2 In all cases the exposures were symmetrically 
arranged, usually in the order: cluster, Pole, Pole, cluster; the 
exposure times were short, 2™ for Seed ‘‘27,” and 5™ for “Iso.” 
plates. 

The photographs were measured and corrected for distance 
error in the usual way. The magnitudes of the stars in the cluster 
were read from curves derived from the scale-readings and the 
magnitudes of the Mount Wilson Polar Standards.s After correction 
for extinction the results were combined into the mean values which 
appear in the second and third columns of Table II. Owing to 
temperature fluctuations of unusual magnitude, the largest images 


t Mt. Wilson Contr., No. 100; Astrophysical Journal, 42, 92, 1915. 
21 am indebted to Mr. P. J. Van Rhyn for one of the pairs of polar comparison 
plates here used. 
3 Mt. Wilson Conir., No. 97; Astrophysical Journal, 41, 206, 191s. 
361 


4 FREDERICK H. SEARES 


on some of the plates were unsuitable for measurement. As these 
have been excluded, the objects listed begin at about magnitude 
11.5; the faintest shown is 15.45. The plates were centered on 
star No. 100 of Hertzsprung’s list and, within the limits of the useful 


Mount Wilson 
color-indices 


mee 
i 


+1.0 Hertzsprung’s 
effective 
1 | A NA /\ wave-lengths 
+o.5 rim: Nh]yY Y transformed 
: pas Fe 
: Tw li 


Fic. 1.—Color-indices and photographic magnitudes 


field which is 23’ in diameter, there are nearly fifty stars available 
for comparison with his effective wave-lengths. 
As there is but little information bearing upon the precision with 
which polar comparisons can be effected, Table I may be of interest. 
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It shows the divergence of the results of individual polar comparison 
plates from the mean scales for the cluster. The unit is o.or mag. 
and the quantities in parentheses indicate the number of stars 
used in deriving each mean residual. The zero-point residuals 
relative to the mean zero-point established by all plates of the 
same kind are shown in the second line at the bottom of each 


TABLE I 


SCALE DIVERGENCE FoR MAGNITUDES IN N.G.C. 1647 


PHOTOGRAPHIC PLATES 
Mean Mac. 
1302 1405 I417 1428 VRi 
Sena ne +11 (8) —6 (5) +12 (8) —12 (8) — 8(7) 
Eos On ae + 3 (5) +4 (6) +15 (5) = 73:(0) —1r (6) 
13-3-+++055s ey AD) —9 (7) 2 (7) Se ee!) re ang) 
: Se + 2 (9) +5 (9) = 4 (0) “Ft (9) FA) 
14.3---.--+- — £ (6) +4 (6) = 5.0) + 6 (6) — 3 (6) 
Ha O28 /ow0 65 i 418) —1 (8) o (8) = 2-(3) an) 
EALO Pe ee — 7 (8) —2 (8) —10 (8) + 3 (8) +16 (8) 
NST percinore',¢ 90-5 rr 5 10.0 14.2 
15) Dies an art ae —6.2 +o.1 +14.3 —II.I + 2.8 
INGoan ote eres 51 49 51 52 50 
PHOTO-VISUAL PLATES 
Mean Mac. 
1393 1406 1418 1429 VR2 
Bre kero es — 3(8) (8) + 4 (8) 748) = 6% 
ae he tee —1o0 (6) —5 (6) + 4 (6) +12 (6) — 1 (6) 
oe ae +12 (5) =4 (7) =O) +10 (7) = 87) 
(re + 9 (3) +5 (7) 5510) 270 == 5/(0) 
DAR eee ete cree ste 3 +5 (5) ara 5) —13 (6) “7 (9) 
Ta Sey ei we [ino recto aney ch 0 (2) +16 (3) — 9 (6) + 4 (6) 
intl D aereine aoe 10-5 8.2 ing TO 
/hpsl BOR nae Aes —II.0 —1.5 +9.4 + 7.2 — 3.6 
INO sere © het i 22 35 38 42 AI 


section of the table. The average deviation of a single magnitude 
and the total number of stars also appear at the bottom of each 
section. The probable error of a single determination of the zero- 
point is +0.06 mag., and of the mean from five plates +0.025 mag. 
The probable value of the constant error in the color-indices arising 
from the transfer of the scales is therefore 0.035 mag. 
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Table II contains the detailed results for individual stars. 
The numbers in the first column are those of Hertzsprung; the 
co-ordinates may be found by consulting his list." The derivation 
of the Mount Wilson photographic and photo-visual magnitudes 
in the second and third columns has already been described. The 
number of values upon which each is based appears in the fifth 
column. In the fourth and sixth columns, respectively, are the 
Mount Wilson color-index and its weight. Then follow Hertz- 
sprung’s effective wave-length and its weight, the color-index 
obtained from ),, the difference between the two color-indices and 
its weight, and finally, as a check upon the scales, a comparison of 
the Mount Wilson photographic magnitudes with those of Hertz- 
sprung. 

III. TRANSFORMATION OF EFFECTIVE WAVE-LENGTHS INTO 

COLOR-INDICES 

The data for the comparison of the effective wave-lengths with 
the color-indices were very kindly supplied in manuscript by Pro- 
fessor Hertzsprung some months before his paper was received for 
publication, and in consequence some of my results differ slightly 
from his. Allowance, however, is easily made for these differences. 

The data bearing on the relation between \, and C here used 
are as follows: From 15 white stars, mean C (Harvard)=-+o. 21 
mag., distance between first-order spectra is 

D=1.0780+0.0026 mm. 
From 11 red stars, mean C (Harvard) =+1.22 mag., 
D=1.1338+0.0030 mm. 
AC=-+1.01 mag. is equivalent to 
AD=0.0558+0.0040 mm or AN=222+16 A. 


From these and other data Hertzsprung adopts an increase of 
200 A in }, as the equivalent of a change of 1 mag. in the Harvard 
color-index. We have, however, the following relations between 
the Harvard and Mount Wilson color-indices: 


+o.21 Harvard=+o.21 MW 
+1.22 Harvard=+1.45 MW. 


* Mt. Wilson Contr., No. 100; Astrophysical Journal, 42, 97, 1915. 
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TABLE II 
MAGNITUDES, EFFECTIVE WAVE-LENGTHS, AND CoLor-INDICES 
Mount Witson 3 HERTZSPRUNG Cw Wr. Paw 
No. minus | or | minus 
Pg Pv Cy n IWtc}] A, [Wty Gap Cy, |Dirr.| Psy, 
43..-| 12.69 | 11.62 |+0.07 | 3,4 | 17 |4304 | 61 |+0.27 |—o.20 13 | + 6 
Adar L 5 Sa) ES SO: -On7suil a2 eT 2m SO7 I |+0.85 |—o.12 E22 
40...| 12.21 | 11.57 |+0.64 | 4,5 | 22 | 361 | 50 |+0.63 |+0.01 | 15 | +13 
55---| 12.08 | 11.64 |+0.44 | 4,5 | 22 | 327 | 53 |+0.42 |+0.02 | 16 | +22 
BP 24.27.) 13.59) |-1-O.005|| 55.40) 22) 372 4 |+0.60 0.00 Boll Seas 
59-.-| 12.90 | 12.59 |+0.31 | 5,5 | 25 | 339 | 34 |+0.48 |—o.17 | 14 | +14 
Olena 24.079. |) TS. 75) [tb OS heer 8 | 428 | 0 |+1.04 |—o.01 o | +28 
62. 13.74 | 12.33 |11.41 | 5,5 | 25 | 559 | 12 |+1.84 |—0.43 | 8 | +17 
67. TAS07 |) 33.90 |--0.77-| 5,2 ||| 24) | 372 o |+0.69 |+0.08 o} +28 
69. 13.50 | 12.58 |+0.92 | 5,5 | 25 | 334 | 33 |+0.45 |+0.47 | 14 | +69 
71 13.04 | 12.31 |+0.73 | 5,5 | 25 | 320 | 40 |+0.38 |+0.35 | 15 | +60 
foee. | t4.90 | 14.01 0|-4-0.85 | 5.2 | r4> | a24 o |+1.o1 |—o.16 o | +41 
¥Ose%|| E4AcOL | 13.8 |-P- ro: || Ser SS) |) eyes o |+0.54 |+0.56 o | +42 
77.--| 12.92 | 12.48 |+0.44 | 5,5 | 25 | 337 | 34 |+0.48 |—0.04 | 14 | +12 
78... -|- 44.53] 13.80 |--0.73 | 5,2,| 147/359 | “2 {40.61 j-4-0,12)| 2 4-28 
Ogee) F4-7Ou) 3-10 |-reS Anil 6 4u 22 || 662 2 |+1.86 |—o0.32 2 | +11 
80...| 12.01 | 11.53 |+0.48 | 5,5 | 25 | 207 | 63 |+0.23 |+0.25 | 18 | +409 
S34 4.5L | 13.61 |--0.90 | 5,2 8 | 352 2 |+0.57 |+0.33 2 | --26 
85. 13.49 | 12.87 |+0.62 | 5,4 | 22 | 356 | 26 |+0.60 |+0.02 | 12 | +44 
87. 13.03 | 12.58 |+0.45 | 5,5 | 25 | 352 | 29 |-+0.57 |—o.12 | 13 | +12 
92. $4.30 | £3. 50-|-1-O260 | 5,45) 220329 4 |+0.39 |+0.41 3.1 30 
93- 13.92 | 13.54 |+0.38 | 5,4 | 22 | 330 | 7 |+-0.44 |—0.06 | 5 | +10 
95. 12.34 | 11.80 |+0.54 | 5,5 | 25 | 306 | 54 |+0.29 |+0.25 | 17 | +40 
96. 13.84 | 13-59 |+0-25 | 5,4 | 22 | 341 | 10 [-+-o.5: |—0.26 | 7 | +13 
98. 12.86 | 12.60 |+0.26 | 5,5 | 25 | 321 | 37 |+0.39 |—o.13 | 15 | +18 
Ior ¥4.03 | 13.64 |+0.30 | 5,4 | 22 | 312 7 \atsO283)4|=150-00 ix || Seer 
102 13.96 | 13.33 |+0.63 | 5,4 | 22 | 366 | ro |-+0.66 |—0.03 || SEAS 
103 $4-49 | 3S075 UO. 74 | 2,21 057168705) <3: [O274: | 10.004 “2 oaas 
104 ey iain, | Sida Koy | ohaiy || (ty |) GRP seven I Zkey isto | Kospyey || atin |i — (6) 
107 14.54 | 14.06 |-+0.48 | 5,3] 19 | 375 | 1 |4-0.72°|—0.24 | 1 | 4-20 
FOS! |its 70") 12.07 IO. 73 | 54.4822) 4520) 25: |--1at9) |—0-40 9 | +24 
gX4...) 22:77 | 12.24 [+083 | 3,1] 5. 1$29)| 30 [0-43 1--0.10) 4. / (24 
Fis enn oA nh OS iit-OrAge IGS, 5 125s sO2m|e5Ou 1012 al OA um mya ler AO 
PEOle||| PALO2 Nel nO2: |r. £Oo|| 55.0 8 | 40 o |+o0.91 |+0.19 | o} +44 
Pree fers 20 ult eas EON 761055) [e251 30 Ee e220) ctcOnOle|—OrO3 0 eta elas o2 
F1Ss 2.) £2.40 || 12192 1-1-0148 |) 5,5 Jo 25) | 308) 52. |--0.30 |--o.28 ||| rye 53 
121 $3520) |) 82075 8|-or 5a 555 258 |) 3300270 \trO. 401-01 02) et 3m) ci 20 
124 14.72) 13.78 |+-0.94.1 5,1 | 8 | 333°) © |-+0.45 |-F0.49 | 01 4-32 
127 14.32 | 13.82 |+0.50 | 5,2 | 14 | 338 7 |+0.48 |+0.02 | 4] +42 
Tar 14.08 | 13.55 |+0.53 | 5,4 | 22 | 326 4 |+0.41 |+0.12 Bll oe (0) 
134. TA Sal 13702 \a{-On Ob 5,05 Saiz253 on l—on22 seats sOn mya aed 
ToS 13.88 | 13.42 |+0.46 | 5,3 | 19 | 349 | 12 |+0.55 |—0.09 7-26 
130. 13.19 | 12.71 |+0.48 | 5,4 | 22 | 333 | 30 |+0.45 |+0.03 | 13 | +32 
138. 12.17 | 12.81 |--0.36 | 5,5 | 25 | 207 | 60 |-+0.24 |--o.12 | 18 | -+-4r 
139. Mono tee L252 ze 09 | 5,5 - JUS \) Tap | ars Bey ||), || ai) eae 
I4I. 15.45 | 14.45 TAOOR ehatte lias Oa eres | Biectece ead li caleteRorsal|| Sect 
ey is 58 | 12.14 |+0.44 | 3,5 | 19 | 310 | 55 |+0.31 |+0.13 a +66 
145. 11.92 | 11.51 |+0.41 | 5,5 | 25 | 313 | 59 |+0.34 |+0.07 | 18 | +41 
I47. 13.86 | 13.23 |+0.63 | 5,3 | 19 | 329 | 12 |+0.43 |+o0 20 7 ae 
148. 13.61 | 13.12 |+0.49 | 5,4 | 22 [4325 | 17 |+0.41 |+0.08 | Io 30 
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TABLE Il—Continued 


Mount WILson HERTZSPRUNG Cw Wil Pew 

No. Wid OF Sis 
Pg Py Cw n |Wt.c| Ae |Wty}| CHz Bz Dawes) 4 siz 

153...| 13.62 | 12.30 |+1.32 | 5,5 | 25 |4507 | 16 |4+1.53 |—0.2I | 10 | +11 
OKO) cs lft yedovo) || ate FaCotes [i teletefes [esp ut 8 | 463 I |--r.25 |—0.27 t | +26 
ESS eA Sone lani2a\=|-Or Somes an 8 | 338 3 |-+-0.48 |--0.32 220) 
TOO Minn GOR tt on O Omi -1-O1.O ansaid a egies o |+o0.39 |+0.58 Onl 24 
LOS ELA RAGE els 7OM| pO al anal 5 | 360 | © |-+-0.62 |-++0.09 o}| + 6 
TOOM Na Gna lube OSM Ons 7a cnt 5 | 342024 to. 500223 4 | +16 
INKS ¥-s soll BEIAORY || Mose Weoley |) aaa 5 14363 6 |+0.64 |—0.04 3 | +10 


Hence AC(MW)=-+1.23 mag. corresponds to AX=200A and, 
finally, for 
AC (MW) =-+1.00 mag., AA=163 A. 

The next step was the determination of \, the value of 2, 
which corresponds to C=o. As the exact value of the grating con- 
stant was not available, \, was obtained by combining the fore- 
going data as follows: 
_ 1.0780 
0.0558 


X 222 A—o.21X163 A=4255 A. 


‘0 


There is here a computational uncertainty of +10 A owing to the 
fact that the factor 222 A is given only to the nearest angstrom, but 
probably this is within the uncertainty arising from other sources. 

A rough control is afforded by Professor Hertzsprung’s classifi- 
cation of the spectra of the brighter stars photographed by Eber- 
hard, which was also kindly placed at my disposal. From the 
26 A stars in this list the value \,= 4262 was found on the assump- 
tion that the maximum frequency of occurrence is for stars of the 
type Ao. From the same data Hertzsprung finds for the median 
.=4266. The close agreement of these two values with that 
found above must not be accepted as an indication of a correspond- 
ing precision in the result, for presumably the value \,=4234 
adopted by Hertzsprung on the basis of all the material at his 
disposal is more reliable. 

The difficulty in any comparison with spectra lies in the fact 
that the frequency distribution of the various types which applies 
to the stars in general does not necessarily hold for clusters. In 
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fact, for this particular cluster it appears that the maximum fre- 
quency is for stars approximately of type Fo, although there 
is a secondary, but much less conspicuous, maximum for the A stars. 
Then, too, there is a further difficulty with such a comparison in 
that we are not certain that the color-index of an Ao star belonging 
to the cluster is really zero. 

In the absence of more definite information the value \,=4260 
was adopted for the reduction, and the linear relation used for 
the transformation of the effective wave-lengths into color-indices 
was accordingly 

163CHz =A. — 4260. 
Had the value \,.=4234 subsequently adopted by Hertzsprung 
been employed, the values of Cy, would have been systematically 
larger by 0.16 mag. than those given in Table II 


IV. COMPARISON OF RESULTS 


A comparison of the color results found by the two methods is . 
shown by the differences Cy—Cy, in Table II. Although there 
are several large values among them, the corresponding weights 
usually are low. For a final comparison reference may be made 


TABLE III 


MEAN RESULTS FOR GROUPS OF STARS 


CL Rex. Wr. pee Rev. Wr. ee minus 
Mean Range Hz Hz 

iO a, Se I1.69-12.34 | +-0.43 186 +o0.02 132 8 —-Ona2 
Oey a cee crake £2),40—-12.02 1} --0.35 149 —0.04 93 7 =o. 26 
ior seen 13.03-13.49 | +0.59 149 +0.04 83 7 0.32 
ET Ce Sicyore Tge5O—03.000 |) 4-076 253 —6.,00 97 12 =O). 24. 
AR gala Ds 14.03-14.49 | +0.60 II2 +o.10 20 7 +o. 22 
TAO eae? 14.49-14.70 | +0.91 II9Q Ov II 9 =-0.23 
PAROS sek a - I4.72-15.45 | +-0.08 ODM ewe iets eine sacs bi +o0.30 
Means... | 13-7 = O00 a almranvarts OnOOI Precereninle ret: +0.27 


to Table III which gives mean results for groups of stars. Here the 
agreement is very good, both in the progressive increase of the 
1In a recent letter Professor Hertzsprung writes that \o=4234 corresponds to a 
color-index whose value is zero with a mean error of the order of 0.05 mag. 
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color-index and in the absolute values; but it should not be over- 
looked that the latter are subject to a small constant error because 
of the uncertainty in the value of Xo. 

The adopted system of weights requires a word of comment 
inasmuch as the two series Wt.c and Wt., which appear in Table IT 
originated quite independently of each other and are not necessarily 
directly comparable. An examination of the mean errors corre- 
sponding to unit weight showed, however, that they are very 
nearly on the same system; in calculating the weights of the 
differences Cy—Cy, it was therefore assumed that Wt.c and Wt. 
are strictly homogeneous. 

Of the 57 stars in Table II the value of Wt., is zero for 9 of the 
fainter objects; for one there is no value of d., so that the results 
in Table III are based on 47 stars. Had the value \,=4234 been 
used, the mean difference Cy—Cy, for all the stars would have 
been —o.16 mag. instead of zero as shown in Table III. These 
results, 0.00 and —o. 16 mag., respectively, indicate the uncertainty 
affecting the comparison, and, at the same time, the probable limits 
of the relative errors in the Mount Wilson photographic and photo- 
visual scales between the twelfth and the fifteenth magnitudes. 

The only other scales extending into this region which have 
been connected with the international zero-point defined by the 
stars of the sixth magnitude are those of H.C., No. 170. From the 
known relations which these bear to the Mount Wilson scales it is 
possible to compare at once the results from the effective wave- 
lengths with those which would have been obtained had the Harvard 
magnitudes been used for the calculation of the color-indices. 

For the region of the scale with which we are concerned we have 


MW Pg—HH=-+o. 28 mag. 
MW Pv—H Vis=o.o0o0 


in which HH represents what has been called the Harvard homo- 
geneous scale,’ namely, the photographic scale of H.C., No. 170, 


* Mt. Wilson Contr., No. 97; Astrophysical Journal, 41, 206, tors. For the 
region in question MW Pg—H.C., No. 17o2=+0.40 mag. The color correction to 
H.C., No. 170, which reduces the results to a uniform system is +o.04 mag. Apply- 
ing this and the zero-point correction of +-o.08 mag. we have the foregoing value 
for MW Pg—HH. 
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reduced to a uniform color system and corrected by +0.08 mag. 
to refer it to the international zero-point; the second relation is 
approximate and, strictly speaking, holds only for the twelfth 
magnitude. We therefore find 


Cw—Cyo=-+0. 28. 
But from the preceding discussion 
Cw—Cyz=0.00 or —0.16 


according to the value adopted for Xo. 

These two equations cannot, however, be combined as they 
stand, for the values of Cy, in the second relation refer to the 
Mount Wilson color system which differs from that of Harvard. 
The necessary modification is that corresponding to the substitution 
of 200 for 163 in the equation on p. g. Since the mean color- 
index for the 47 stars is 0.66 mag., the values of Cy, on the Harvard 
system will be 0.11 mag. less, on the average, than those found 
above. We therefore find 


Cu—Cyz= —0.17 or —0.33 mag. 


which represents the mean difference in the color-indices derived 
from the effective wave-lengths and from the photographic and 
visual magnitudes of H.C., No. 170. 

In addition to the color results, Table III also shows a com- 
parison of the Mount Wilson photographic magnitudes with those 
found by Hertzsprung. The scale for the latter was established 
with the aid of a grating used in connection with the Potsdam 
80-cm refractor (‘‘Halbgitter’’ method). The agreement is good, 
although there is a constant difference of +-o.27 mag.; but this is 
of no significance, as Hertzsprung has determined the zero-point 
of his magnitudes by a comparison with Pleiades stars instead of 
with the Pole. 


V. PROBABLE ERRORS 


It is of interest, finally, to compare the two methods of determin- 
ing the color of the stars from the standpoint of precision. The 
average deviation of a single magnitude as found above is +o.10 
mag. The corresponding probable error for a color-index based 
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upon one photographic and one photo-visual magnitude is therefore 
+o.12 mag., while that for the mean of five such determinations 
is +o.o54 mag. This indicates sufficiently the precision with 
which relative values of the color have been determined. In 
estimating the uncertainty of the absolute values of the color- 
indices, allowance must also be made for the zero-point errors. 
In this case their effect upon the color-index is of the order of 
=0.04 mag. 

Hertzsprung gives as the mean error of a single effective wave- 
length 26 A, which corresponds to a probable error of about +o.11 
mag. For absolute determinations a zero-point error has also to 
be considered. ‘This includes, first, the uncertainty in the adopted 
value of \, which is used for the reduction of all the plates, and, 
second, a systematic plate error which seems to be of the order of 
10 A. The data relating to the error in A, are not available; but 
since this is an instrumental constant whose value is determined 
once for all, its error can be made negligible by an appropriate 
investigation. In the matter of precision, therefore, there seems 
to be little choice between the two methods. 


SUMMARY 


Star colors may be determined by measuring the mean effective 
wave-length of the light of individual stars or by deriving their 
color-indices. Since the latter depend directly upon the photo- 
graphic and the visual, or photo-visual, magnitudes, a comparison of 
color results found by the two methods affords a control upon the 
relative errors of the magnitude-scales; the fainter the stars the 
more important is the control. 

Such a comparison has been made for 47 stars in N.G.C. 1647. 
The effective wave-lengths used were those by Hertzsprung. The 
color-indices were found by transferring the Mount Wilson photo- 
graphic and photo-visual scales for stars near the Pole to the region 
of the cluster. The mean of the differences between the color- 
indices calculated from the effective wave-lengths and those derived 
from the magnitudes is 


Cw—Cyz=0.00 or —o.16 mag. 


* Mt. Wilson Contr., No. 100; Astrophysical Journal, 42, 92, 1915. 
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according as 4260 A or 4234 A is adopted as the effective wave- 
length of a star whose color-index is zero. 

The comparison includes stars between photographic magni- 
tudes 11.5 and 15. Within this interval the two series of color- 
indices show the same increase in the mean color with increasing 
magnitude. The relative errors of the magnitude-scales seem to 
be within the uncertainty affecting the reductions of the effective 
wave-lengths. 


Mount WItson SoLar OBSERVATORY 
March 4, 1915 
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THE TUBE-ARC SPECTRUM OF IRON AND A 
COMPARISON WITH DISSYMMETRIES 
IN SPARK SPECTRA 


By ARTHUR S. KING 


In previous papers,’ the writer has déscribed some of the 
phenomena of the ‘“‘tube-arc.”’ To produce this light-source, the 
tube used in the electric furnace is filed thin at the middle of its 
length, so that when the voltage is applied, the tube quickly burns 
apart, forming an arc carrying a very large current at low voltage. 
The spectrum shows a high intensity of the enhanced lines of metals, 
the spark spectrum of carbon, and the brighter hydrogen lines, 
together with an interesting difference in the intensity of the lines 
of various elements across the diameter of the tube when this ring- 
shaped arc is viewed axially. 

Another feature mentioned in the former papers is a marked 
dissymmetry in the structure of certain tube-arc lines. This was 
not studied in detail, but it was shown that the dissymmetry is 
very marked for many lines which are symmetrical in the furnace 
spectrum and approximately so in the ordinary arc in air. 

Recently a much larger transformer was installed in the Pasa- 
dena laboratory, giving improved facilities for work with the tube- 
arc. Its capacity is 100 kw and the voltage may be varied by 
5-volt steps from 5 to 50 volts. With this apparatus, tube-arcs 
have been operated which consumed as high as 70 kw just after 
the rupture of the tube. An initial energy of about 40 kw, however, 
has given the best results, the exposure being made while the current 
fell from above 1000 to about 600 amperes. 

The second order of a 4-inch plane grating was used in the 
vertical spectrograph, with an objective of 30 feet focal length, 
giving a linear scale of about rmm=o.9A. The interior of the 
tube, at the point where the arc was to form, was focused on the 


« Contributions from the Mount Wilson Solar Observatory, Nos. 65, 73; Astrophysical 
Journal, 37, 119; 38, 315, 1913. 
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slit, so that the spectrum registered the radiation along the vertical 
diameter of the ring of arc when the tube burned apart. The 
arrangement of the tube and the inclosing jacket of graphite was 
similar to that in the earlier experiments, except that the point 
of break was located by simply filing a deep groove around the tube 
at its middle. The gap between the ends of the tube, after the arc 
had ceased, usually measured 10-15 mm above and 30-40 mm 
below, but was occasionally longer. The time of action of the arc 
was generally 30-40 seconds. 

The present paper will consider the leading features of the tube- 
arc spectrum of iron, these being, first, the displacements resulting 
from the dissymmetry shown by many of the stronger lines, the 
degree of this dissymmetry being clearly connected with the classi- 
fication of the lines in the furnace spectrum and in that of other 
sources, and, second, the enhancement of certain types of lines. 
The peculiarities in structure of tube-arc lines are found to be very 
similar to those exhibited by the spectrum of the condensed spark. 
A comparison of typical iron lines in tube-arc and spark will be 
given, together with a brief description of the variable dissym- 
metries found in other spark spectra, especially that of titanium. 


DISSYMMETRIES OF IRON LINES IN THE TUBE-ARC 


A study of the tendency of various light-sources to render lines 
unsymmetrical has the twofold object of showing what features 
in the light-source produce these dissymmetries and the degree 
to which various lines are subject to such disturbing influences. 
The tube-arc shows effects in a very pronounced degree which are 
present in a more or less incipient state in the ordinary arc in air, 
especially in the region near the negative pole. Such dissymmetries 
are naturally most conspicuous in the case of reversed lines, and a 
large number of iron lines are given in reversal by the tube-arc. 
Few of these show a fully symmetrical reversal when their inten- 
sities are such that they are satisfactory for examination. A few 
low-temperature lines to the violet of \ 4000 reverse so widely in 
the tube-arc that they are practically absorption lines, and little 
can be said regarding the relative strength of their edges. The 
iron lines showing distinct self-reversal usually have the red side 

374 


ee 


TUBE-ARC SPECTRUM OF IRON 3 


stronger than the violet, and a large variability appears in the 
amount of the dissymmetry. 

Lines of small or moderate dissymmetry toward the red.—In Table 
I, a list of lines is given whose dissymmetry of reversal does not 


TABLE I 


Tron Lines SHowinc SMALL oR MopreRATE DISSYMMETRY TOWARD 
THE RED IN THE TUBE-ARC 


A (Rowland) penis eNews | Furnace Class | Pressure Class | Pressure Group 
B50 7. LOO mers 233 I I b 
BOSO TO 7 hich | De II (DD I b 
3906.628..... | 233 if I b 
BOOO.ATS*. 15). 3:4 | Il | I b 
4005.408..... 304 | Il I b 
4045.975..-.- | Seen Ul I b 
4003-750... .4- BEA) II I b 
AOTIAQOSe osc | Bed) II I b 
Bia 2eos 5 venics | Doe II I b 
GTAL 039%. 2. ~ 3:4 II (J) I 
AZOIMOSS 206 | 3:4 Il I b 
42501045... .<<- 3:4 Il | 2 b 
ADTENOZA LL: a1 « or4 II | I b 
A282 SOG. < a.a 5:6 LED) | I b 
A204 SOT... 5:6 I 2 b 
EB OSG OGL a4 eee 253 Il I b 
4325030 ae siee O28 Il I b 
AS7ORLOVEE on: Bn4 I 3 a 
TG N Sy sly Roy Ao) II I b 
4404.927..... 2ae II I b 
UMAR ECORI aeee Dee Il I b 
BAPTA Due BAe Ht 3 a 
AAGE SITS ne. 5:6 I 3 a 
Be 2 a Ore g:10 II 4 a 
C2008 72 3c 9:10 I I a 
KOTOR R SO nea. Q:10 II 4 a 
DSO F Orne g:10 I I a 
ole 7 34 a g:10 I I a 
SOOM a 2Ad eee g:10 I 4 7 
5405.989..... g:10 I 4 a 
RA2OnOLE «1. g:10 I | 4 a 
BASH TAO! oa Qg:1I0 I | 4 a 
AAT LOU ne oe g:10 I 4 a 
Ise ence leer g:10 I 4 a 


exceed a moderate amount, with the red side not more than twice 
as strong as the violet. Table II contains lines which reverse very 
unsymmetrically. Some of the latter show but a trace of the 
violet side of the line on the plate. The second columns of Tables I 
and II give the estimated ratios of the two sides of the reversal. 
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TABLE II 


Tron Lines SHOWING LARGE DISSYMMETRY TOWARD THE RED IN THE 


TuBeE-ARc 

A (Rowland) Pea nan A eck Furnace Class | Pressure Class | Pressure Group 
AVS 7204 sine 1:6 TY. (101) |p 6 eee eee reas 
Aisy ogee 1:6 TT. (ITD) se ee 
4198 .404..... 1:6 Ill |». w-esutre ue ge Oe One a ee 
A227 20COR EEE 1:8 Il | te d 
MIRE YA e. 6 tou 1:6 III | 5 d 
APRS SG hc 1:6 II (III) | & d 
AZ SOe2 oer 1:6 | | 5 C 
4260.640..... a) iil | 2 C 
ADP BOER eine 1:6 | Ill RRR ero cel ctstets, 5 ashe G0 
4299.410..... 1:6 II | 5 d 
45253705. I:4 Il 4 Cc 
4859.928..... 1:8 Il 5 G 
AS] LAS Ele | TS Ill 5 C 
MSO BRAa 0 60+ 1:8 Il 5 Cc 
4890.948..... 1:8 Ill 5 C 
ARSHOIE OSE. oo 8 < 1:8 Til 5 C 
AOLOe LAMA e | Ths) Ill 5 G 
4920.685..... 1:8 Ill 5 ¢ 
AQIS fist SKOo. 9 Soc. | EB) It 5 Cc 
AOS SS 3 o c9 ¢ 1:8 iil 5 G 
DONE TA oe acre 1:6 Il 5 d 
BBO AN STS ame 1:6 IV 5 d 
S5OOLOOL mse 1:6 IV is d 
EF OlSEo 77 eee 1:6 IV & d 


In some cases these are based on the curves of the Koch micro- 
photometer, but eye-estimates are sufficiently accurate for classifi- 
cation, which ‘is the main object of these tables. The third column 
gives the class in which the line is placed in the electric-furnace 
study made by the writer. Later experience with the furnace 
spectra has slightly modified the method of classification, and the 
numbers given in parentheses for a few lines denote the class in 
which the line would probably fall if the classification were revised. 
The fourth and fifth columns contain the class and the group in 
which the line is placed by Gale and Adams? according to its appear- 
ance under pressure and to its pressure displacement, respectively. 

The material presented in Tables I and II shows the following 
relations between the amount of dissymmetry imparted by the 


* Mt. Wilson Contr., No. 66; Astrophysical Journal, 37, 239, 1913. 
? Mt. Wilson Contr., No. 58; Astrophysical Journal, 35, 10, 1912. 
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tube-arc and the behavior of the lines in the furnace and under 
pressure: 

1. Lines of small and moderate dissymmetry of reversal belong 
in the furnace Classes I and II, those most nearly symmetrical 
being as a rule among the “flame” lines of Class I. These are all 
lines occurring at low temperature, the rate of increase in strength 
with rise of temperature being more rapid for the lines of Class IT. 

2. Lines which are strongly unsymmetrical in their reversal 
in the tube-arc are with few exceptions in Classes III and IV. 
These require a higher temperature for their initial appearance 
and increase rapidly in strength as the temperature rises. 

3. The connection with the behavior of the lines under pressure 
is very definite. With two exceptions, all lines in Table I are given 
as symmetrical in appearance under pressure (Classes 1, 3, and 4), 
and have small or moderate displacements (Groups @ and 3). 
Those in Table II are made unsymmetrical by pressure (Classes 2 
and 5), and show large displacements (Groups ¢ and d). 

Lines displaced toward the violet in the tube-arc.—In the green- 
yellow an important group of lines is found, the strongest of 
which are AA 5365.069, 5367.669, 5370.166, 5383.578, 5404.357, 
5411.124, 5415.416, 5424.290. The tube-arc gives these lines 
very strong, diffuse, and nearly symmetrical, a slight shading 
appearing on the violet side. By measurements to be described 
later in the paper, these lines were found to give decided displace- 
ments toward the violet. In the furnace these lines are to a certain 
extent in a class by themselves, since no other lines as strong in 
the iron arc are so difficult to obtain in the furnace. They 
appear very faintly at high temperature and are an extreme type 
of Class V lines. 

No reversed iron lines with the violet side strongest have been 
found, but two important cases of this dissymmetry occur in the 
H and K lines of calcium, which are found on several tube-arc 
plates of the iron spectrum. In the former paper‘ on the tube-arc, 
these lines were mentioned as symmetrical, but the greater power 
available in the later experiments gives them in every case with the 
violet side stronger, about in the ratio 6:5. The available pressure 

1 Mt. Wilson Contr., No. 73; Astrophysical Journal, 38, 315, 1913. 
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measurements for H and K indicate that they are displaced toward 
the red by pressure, so that they appear to present an exception to 
the general correspondence between the two effects. 

Relation to pole-and-center differences in the iron arc.—When a 
plane-grating spectrograph is used for the observation of the ordi- 
nary arc spectrum, the image of the arc from pole to pole being 
projected on the slit, some lines of iron are found to remain nearly 
symmetrical from center to pole of the arc and others to become 
decidedly unsymmetrical near the pole. These differences are 
being studied in detail by St. John and Babcock. Without giving 
an extended comparison, it may be stated here that the dissym- 
metries shown by the tube-arc lines are of the same nature as for 
corresponding lines in the ordinary arc, but are greatly magnified 
in amount. This is true also for the lines considered in the last 
paragraph, which widen toward the violet near the pole of the arc. 
A comparison by Royds* of the pole and center of the arc gave 
considerable displacements toward the violet for these lines. 
Another group of lines in this region, found by Royds to give negli- 
gible displacements, is included among the tube-arc lines in Table I, 
while still others showing polar displacements toward the red are 
in Table IT. 

Micrometer measurements on unsymmetrical lines—The group 
of strong green lines near \ 4900 affords an interesting example of 
the sort of wave-length measurements that are given by lines of 
this kind, and also of the relation of the measured displacement 
to the intensity of the line in question. These lines are in the same 
furnace class, also in the same pressure class and group. In the 
tube-arc they are all very unsymmetrical, the violet side of the 
reversal usually being so faint as to show merely as a shading off 
on that side, but in the case of two of the group, AA 4891 .683 and 
4920.685, the strength of the lines was sufficient to show both sides 
of the reversal distinctly, so that the measuring microscope could 
be set on the reversal itself. For the other lines, the maximum was 
well enough defined to give closely concordant sets of measurements, 
but these settings were in reality chiefly on the red side of the 
partially reversed line. An arc spectrum on the same plate given 

* Kodaikanal Observatory Bulletin, No. 40, 1914. 
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by the center of a 6-ampere arc was measured for comparison. The 
reference line in each case was ) 4891.683, this being clearly 
reversed in the tube-arc spectrum. These measurements are 
given in Table II. The small negative displacement of \ 4920.685 


TABLE III 
4 Intensity | ubeeAte Ate 
ASGOLOLO ates crite 8 —0.041 
(AY AU Os ee O Oe os +o.076 
RO DAI One ey one ee I2 +o.062 
ASO A GH ee a acces - 5 =I-OnOa5 
BSOOLOLOS te Sate I5 +o0.071 
4891.683 (reversal)... 30 ©.000 
AQOS SOD een seis 3 +o0.028 
AOQTO LEAs eure pers I2 +0.074 
4920.685 (reversal)... 25 —0.004 


is within the error of measurement for lines of this quality. The 
measured displacements of the others show a rough but distinct 
relation to the strength of the line. The effect clearly in- 
creases with the absolute width of the line, while the example 
shows the extent to which measured wave-lengths of such sensitive 
lines may be disturbed in the spectrum of a source of this kind. 

Use of the registering micro-photometer.—This brings us to the 
generally recognized difficulty of making micrometer settings on 
unsymmetrical lines. One must either set on the reversal, if there 
is such, in which case no account is taken of the dissymmetry of 
the sides, or on the position of maximum density, which may well 
be only one side of a partially reversed line. The Koch micro- 
photometer is of much assistance in this respect. Its use in register- 
ing the density-curves for various types of emission lines was 
illustrated in a previous paper.t The large apparatus recently 
constructed here serves to register the structure of individual lines 
and also to measure the wave-length interval between lines. If 
one or both of the lines are unsymmetrical, the position of the ordi- 
nate which best represents the maximum of each line must be 
decided upon. For most of the reversed tube-arc lines, the dissym- 
metry is chiefly at the top of the curve. Examples are shown in 


« Mt. Wilson Contr., No. 77; Astrophysical Journal, 39, 213, 1914. 
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Fig. 1 of two iron lines in different stages of reversal. The wave- 
length of the corresponding arc line is given closely by the minimum 
of the reversal, while the maximum of the unsymmetrical line is 
obtained by producing the slopes of the curves as shown, the ordi- 
nate of this maximum being, to a close approximation, midway 
between the two’sides of the curve. If the curve as a whole is very 
one-sided, owing to shading of the spectrum line, it is more diffi 
cult to determine the ordinate for use in a wave-length measurement. 


Fic. 1.—Curves of reversed iron lines showing different degrees of dissymmetry 
in the tube-arc. 


Following the plan just outlined, an attempt has been made to 
measure the displacing action of the tube-arc by obtaining the dis- 
tance between the centers of pairs of density-curves, one curve 


being for one of the highly unsymmetrical lines given in Table II, — 


the other for a line, usually from Table I, which could be considered 
as giving an ordinate practically undisplaced, this ordinate being 
either that of the reversal of the slightly unsymmetrical line or of 
its maximum if narrow and unreversed. The curves were registered 
on diréct and reversed runs of the screw to eliminate possible 
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errors due to inertia in the instrument, which proved, however, to 
be extremely small. Curves were similarly made for arc lines on 
the same plate, the portion of the line given by the center of the arc 
being registered. 

A further purpose in measuring these lines was to observe the 
effect of large differences in the quantity of iron vapor present in 
the tube-arc. An inspection of photographs made for large and 
small vapor densities showed the magnitude of the dissymmetry 
to vary greatly with the strength of the line. With a very small 
quantity of iron vapor, strong lines such as \ 4383 .720.are reversed 
with the usual degree of dissymmetry; while lines less intense, 
including many of those which are very unsymmetrical with much 
vapor present, appear fairly sharp. The question is, Are these 
weaker lines moved out of their position by the tube-arc to the same 
degree that they are when strong, or is the effect dependent on 
the strength of the line? Evidently only a comparison of the dis- 
tances between the density-curves can decide this question. 


TABLE IV 


VARIATION IN WAvE-LENGTH OF TUBE-ARC LINES WITH 
VAPOR-DENSITY 


DISPLACEMENT, TUBE-ARC—ARC 

UNSYMMETRICAL | STANDARD 

EWE | LINE | Low Vapor | High Vapor 

| Density | Density 

Mite eaeXO ae, ata | eoreisnees || eset) || a rtehatenits) 
ALOW OAS ene cr | 4185.058 | +0.009 | -Eo.ors 
4250. 28% mean | 4250.045 | —0.002 +o0.029 
A200 .040%.2 5. - | ARO = “Ones +o.040 
AO TIeZoRn me alt A271. O34 -+0.008 | +0 .035 
4200-420. 2, = - | 4204.301 +o.oor | +0.036 


Displacements toward the red—The values in Table IV give the 
displacement of the center of density of the unsymmetrical line 
with reference to a neighboring line taken as standard. Thus a 
positive displacement indicates that the given line is toward the 
red with respect to its position in the arc measured from the same 
standard. \4185.058, used as standard for the first two lines, is 
a Class III line in the furnace and, though narrow, probably suffers 
some displacement in the tube-arc. The curves of the last three 
lines in the table were the most satisfactory for measurement. 
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The last column of Table IV gives the magnitude of the dis- 
placement measured by the micro-photometer when the tube-arc 
line shows large dissymmetry; while the third column shows that 
this displacement becomes small when the width of the line is 
decreased by low vapor-density. As was previously noted, the 
tube-arc under the latter condition is still able to produce decided 
dissymmetry in strong lines such as AA 4308, 4325, 4384, 4415. 
How far this effect may be due to differences in vapor-density, 
strictly speaking, will be discussed later; but evidently the dissym- 
metry of tube-arc lines does not depend entirely on the strength 
of the discharge conditions. If it did, the amount of measured 
displacement to be expected for a line in any source could be cal- 
culated from the strength of the enhanced lines in that source; 
but the effect is complicated by conditions attendant on the amount 
of vapor present. 

The dissymmetries exhibited by some tube-arc lines are shown in 
Plate VII. First are the calcium lines K and H, which are reversed 
with the violet side stronger. They appeared thus on several 
plates which showed the stronger iron lines maintaining their usual 
dissymmetry toward the red. The iron lines shown are A 4236.112, 
highly unsymmetrical, \A\ 4250.287 and 4250.945, of large and 
small dissymmetry respectively, \ 4260.640, showing large dissym- 
metry, with two satellites on the violet side, XA 4271.325 and 
4271.934, similar to the pair at 4250, and Ad 4204.301 and 
4299.410, showing a marked contrast in structure. 

Plate VII is supplemented by the density-curves in Fig. 2, these 
being for the same lines as are shown in the plate, with the addition 
of the iron lines )\ 3969.413 (from the same plate as the adjacent 
H line) and \ 4308.081, made from a plate taken with low vapor- 
density in the tube-arc. 

Displacements toward the violet—Four of the strong lines in the 
green-yellow described on p. 5 have been studied with the micro- 
photometer, the distances being measured in both tube-are and 
arc between the curves of these lines and those of standard 
“flame” lines which reverse almost symmetrically in the tube-arc 
and may be regarded as probably undisplaced by this source. 
The arc-curves were made in each case for the part of the line 

382 


VII 


, 
4 


PLATE 


SSRN 


SS 


SYMMETRICAL TuBE-Arc LINES FROM THE SPECTRA OF CALCIUM AND IRON 


UN 


AyjowurAssip Jo soo189p Burkiva Surmoys ‘sour, I7e-aqn} Jo saamnd-AyIsuaq—'z *O1J 


i : \ 
H 4 : ' 
\ My, 
; \ \ 
i | f { » 
Ve 
} : : i : A 
Loe i - ‘ 
ee 
— } 
} | 
3 i \ 25 i 
W oo 
ee 
gotr 66zv b6zr 6: ier e-1L2V 1gzv 


383 


TUBE-ARC SPECTRUM OF IRON 


12 ARTHUR S. KING 


given by the central region of the arc. The results are given in 


Table V. ‘ 
ABICE Ww) / 


Tupr-Arc Lines DISPLACED TOWARD THE VIOLET 


A (Rowland) | Standard Line | Displacement 
5307000. 225. 22= = - 5371-734 —0.036 
Orn L OO reer ater Eee diyhey =O, O27 
CATR LOA tae hte eee 5405 .989 —o.056 


GAME Ge AT Oa outa hele yal vied: | 5405 .989 —0.094 


These displaced lines are unreversed and the measurements 
were taken well up on the curve, where it is nearly symmetrical. 
The bottom of the curve shows a shading toward the violet which 
would increase the displacement if it were taken into account; but 
the method employed measures as nearly as possible the position 
of the strongest part of the line. The displacement of \ 5415. 416, 
the strongest of the group, is seen to be very large, an effect similar 
to that noted for the lines near \ 4900 (see p. 6), where the 
measured displacement, in a group of lines showing the same be- 
havior, was found to increase with the strength of the line. The 
displacements given in Table V are the means of two sets of curves 
having different scales, made by changing the speed-ratio between 
the negative and the registering plate. The two sets gave almost 
identical results, and while no high degree of accuracy can be 
claimed for the absolute values of the displacements, there can be 
no question that any method of measurement would give displace- 
ments toward the violet of considerable magnitude for the centers 
of density of these lines. 


LINES INTENSIFIED IN THE TUBE-ARC SPECTRUM 


It is in harmony with the general resemblance of the tube-arc 
spectrum to that near the pole of the ordinary arc that the enhanced 
lines of iron should be brought out strongly and a decided intensi- 
fication be given to those usually classed as ‘‘nebulous”’ in wave- 
length tables and thus denoted by the writer in the paper on the 
furnace spectrum. With few exceptions, they belong in Class V, 
being absent or extremely faint in the furnace spectrum. In the 
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ordinary iron arc, these lines are much stronger in the highly lumi- 
nous part near the negative pole. In the tube-arc, they are very 
strong, the well-known group in the green-yellow from \ 5365.069 
to 45424.290 dominating the spectrum in this region. This con- 
dition is illustrated by Plate VIII, which shows the tube-arc 
spectrum with that of the ordinary iron arc for comparison. The 
strong lines of Class I are scarcely visible, but this is partly due 
to their being reversed for the greater part of their width, the 
edges of the reversal being almost symmetrical. 


THE TUBE-ARC SPECTRUM IN THE ULTRA-VIOLET AND RED 


The investigation of iron in the tube-arc has covered the spec- 
trum from 3600 to 6600. At the violet end of this range, 
dissymmetries are numerous, but no features of special interest 
were observed. The stronger lines reverse with the red side 
stronger, the dissymmetry being moderate in amount, similar to 
the lines listed in Table I. The region from 5700 to d 6600 
required the first order of a very bright grating, and few deviations 
from the usualarc spectrum appeared. The stronger lines remained 
sharp, only a few showing shading toward the red. The diffuse 
lines were intensified, and the enhanced lines appeared as in other 
portions of the spectrum. 


DISSYMMETRIES IN THE SPARK SPECTRUM 


The writer has at intervals during several years photographed 
the spectrum of the spark under conditions giving a highly disrupt- 
ive discharge. A powerful transformer spark with large condenser 
was used, the spark terminals being bluntly pointed rods of iron 
held in massive brass cylinders for cooling. After the discharge 
started, a series spark-gap was lengthened until the transformer 
was just able to maintain an exceedingly noisy spark. Comparison 
arc spectra were made on each plate by placing an arc in the posi- 
tion formerly occupied by the spark, leaving the lens system 
undisturbed. Sometimes the position of the spark line with refer- 
ence to that of the arc was tested by means of the occulting screen, 
exposures with the arc being made before and after the spark 
exposure. For a large number of photographs a long slit was used, 
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on which the image was projected with the axis of the spark at 
right angles to the slit. The middle of the spectrum line then 
registered the radiation from the interior of the spark, together with 
that from the outer vapor in the line of sight; while toward its ends 
the spectrum line was giyen by light from the outer vapor alone. 
Lines sensitive to reversal were frequently reversed almost to the 
point where the tip faded from the plate. The more striking 
features observed were as follows: 

1. Dissymmetries were found to be very frequent in the spark 
spectrum and to vary greatly in magnitude for different lines. 

2. The relative sensitiveness to dissymmetry among the lines of 
the spark appears to be quite the same as that observed for corre- 
sponding lines in the tube-are spectrum. 

3. In the spark spectrum of iron, two classes of lines, both 
unreversed in the spark, show no dissymmetry. These are the 
flame lines (furnace Class I) and the enhanced lines. As will be 
noted later, exceptions to this rule are found in other spectra when 
such lines are reversed. 

4. The stronger arc lines in the blue and violet, usually of Class 
II, when photographed with a long slit, show large dissymmetry 
of the reversal at the middle of the line, the red side being the 
stronger. Receding from the central position reduces this dis- 
symmetry as the interior vapor of the spark becomes less effective, 
until at the ends of the long line approximate symmetry is attained. 

5. When adjacent spectra of the arc and of the core of the spark 
are made by means of the occulting screen, the position of the 
reversal is found to coincide closely in the two spectra, thus in- 
dicating that the outer vapors of the spark which cause the re- 
versal give a line in the position of the arc line. This conclusion 
was arrived at by Kent,’ who compared the lines given by the arc 
and spark in a concave-grating spectrum. 

The features described in Nos. 4 and 5 are illustrated in Plate IX. 
In the upper section are enlargements of three reversed iron lines, 
each showing half of the length of the line photographed with the. 
long slit across the spark-image. The unsymmetrical line given 
by the core is seen to change to a symmetrical line given by the 

t Astrophysical Journal, 22, 182, 1905. 
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TRON Lines SHOWING DISSYMMETRY IN THE DISRUPTIVE SPARK 


a. Half of long line photographed with the slit at right angles to 
axis of spark. 
b. Comparison of spark line (above) with arc line. 
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outer vapor. In the lower section of the plate, the same lines are 
shown as photographed by means of the occulting screen, the line 
given by the core of the spark having below it two exposures of 
the arc line made before and after the spark exposure respectively. 
The contrast in symmetry between the arc and spark lines is seen, 
and also the continuity of the reversal for the two sources. 

The effect is further illustrated by the micro-photometer curves 
of Fig.3. These show the structure of \ 3737.281 at the middle and 


near the end of the long spark line and also in the arc. Completing 
a b G 


Fic. 3.—Curves of \ 3737 of iron; a and 6, from middle and end of long spark 
line; ¢, from arc line. 


the curve for the unsymmetrical spark line shows the difference 
between the ordinate given by this and the ordinate of the reversal, 
which marks the position of the line in the arc. 

Both in the appearance of the reversed lines, usually moderately 
unsymmetrical, and in the density-curves obtained from them, 
there is a close correspondence between the effects for the tube-arc 
and the condensed spark in the case of the iron lines listed in Table I. 
The lines of Table II, which are very unsymmetrically reversed in 
the tube-arc, do not reverse in the spark on any of my plates, but 
are winged strongly on the red side. Typical density-curves 
obtained from lines of this class are shown in Fig. 4. 
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In contrast with these lines, the strong diffuse lines of the green- 
yellow, which show dissymmetry toward the violet in the iron 
arc and are displaced toward the violet in the tube-arc, are shaded 
strongly on the violet side in the spark. These lines are given 
relatively strong by the core of the spark and by the most intense 
regions of the arc. 

The evidence indicates that the core of the spark radiates lines 
which are in general displaced toward the red, probably to different 
degrees according to the class of the line. Such a displaced line 


. 4261 4299 


Fic. 4.—Curves of iron lines showing one-sided structure in the disruptive spark 


might be symmetrical if a homogeneous mass of vapor from the core 
of the spark could be isolated. The line usually photographed 
is a composite given by the superposition on this core line of less- 
displaced radiations from the vapor enveloping the core. The 
density-curves of the strong reversed iron lines of moderate dis- 
symmetry, usually belonging to furnace Class II, indicate the 
presence of a symmetrical line from the core of the spark differing 
in wave-length from the absorption line given by the outer vapor. 
These lines are quite similar in the tube-arc and spark. The iron 
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lines at the two extremes of the furnace scale, the flame lines 
(Class I) and the enhanced lines (Class V E), are very nearly sym- 
metrical in the condensed spark. It is shown, however, with the 
plane grating and long slit, that the flame lines are given chiefly 
by the outer vapor and are therefore out of the displacing region 
while the enhanced lines are confined to the core with no superposed 
radiation to render them unsymmetrical. The former should, 
therefore, remain symmetrical and undisplaced, while an enhanced 
line in the spark should be symmetrical but displaced with refer- 
ence to the same line in the furnace or center of the arc. Only a 
few enhanced lines appear in the latter sources, however, and an 
accurate comparison presents many difficulties on account of the 
great difference in the strength of these lines in the spark and in the 
arc or furnace. 


TUBE-ARC AND SPARK EFFECTS FOR OTHER ELEMENTS 


A study in some detail has been made of the dissymmetries 
shown by titanium in tube-arc and spark, together with a few 
photographs of interesting regions in the vanadium and chromium 
spectra. Alloys of titanium and vanadium with iron were used to 
secure the highly disruptive spark. The main features observed 
may be briefly given. 

Titanium shows a very close correspondence between tube-arc 
and spark in the degree to which various lines are made unsymmetri- 
cal. Among the strong reversed lines in the blue, certain groups 
show a decided difference in dissymmetry, this difference being 
alike in the two sources. 4298.89 is an example of symmetrical 
reversal, while \\ 4527.47 and 4457.61 have their sides unsyin- 
metrical about in the degree 1:2 and 1:4 respectively. Lines of 
similar structure show a tendency to group in the neighborhood 
of these lines. While these are for the most part in furnace Class IT, 
the more unsymmetrical lines approach the behavior of Class HI 
lines in the furnace. The strong lines in the green near \ 5000 were 
examined in the condensed spark and show distinct differences in 
structure. Ad 4981.93 and 4991.24 show 1:2 dissymmetry while 
AA 5036.08 and 5036.65 are more one-sided, about 1:4. Two 

389 


18 ARTHUR S. KING 


Class I lines in this region, AX 5040.14 and 5064.79, partially 
reversed in the spark, are nearly symmetrical. 

The enhanced titanium lines show considerable variation in the 
condensed spark. Those in the green are unreversed and very 
symmetrical in structure. Fig. 5 gives the density-curves for one 
of these and for a typical titanium arc line in this region. The 
enhanced lines from \ 3600 to \ 4600, however, are so strong 
in the spark that many of them are reversed, and these reversals, 
while usually unsymmetrical toward the red, are unsymmetrical 


5129 (Enh.) 4991 


Fic. 5.—Curves of titanium lines in the disruptive spark 


toward the violet for \\ 4395.19 and 4444.00. Enhanced lines 
showing symmetrical reversal are \A 3685.37, 3759.46, and 3761.47. 

The spark spectra of vanadium and chromium were photo- 
graphed for parts of the violet, blue, and green where distinctive 
strong lines occur. The plates show dissymmetries of varying 
amounts to occur very generally, but no decided difference has been 
noted from the condition prevailing in the iron and titanium spectra. 
Class I lines of vanadium and chromium show rather larger dissym- 
metries than those of this class in the other spectra, but these are 
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very strong lines and the distribution of vapor between the core 
of the spark and the reversing envelope may be slightly different 
from that of iron and titanium lines in the same class. 


COMPARISON WITH THE PRESSURE-EFFECT 


It has been shown that the degree of dissymmetry exhibited 
by various classes of lines in the tube-arc and condensed spark 
corresponds closely with their susceptibility to pressure displace- 
ment. The question arises whether pressure may be active in the 
tube-arc and in the spark. Two lines of evidence are against this. 
First, the dissymmetries show no tendency to become larger with in- 
creasing wave-length, as do the pressure displacements, and, second, 
the tube-arc is operated in a partial vacuum, its action becoming 
more favorable to strong dissymmetries as the pressure is decreased. 
In addition to the difficulty of considering a high pressure in the 
ordinary sense as present in the spark in air, the resemblance of 
the spark effects to those of the tube-arc is so close that their causes 
would seem to be very similar. It will be shown later how the 
action of pressure may be different from that producing the tube-arc 
and spark displacements and yet produces equivalent effects. 


THE INFLUENCE OF VAPOR-DENSITY 


Examination of the tube-arc photographs and measurement 
of such lines as permit of it show clearly that, with the given elec- 
trical conditions, the dissymmetry of lines becomes much greater 
when their width is increased by the use of a large quantity of 
vapor. The measured displacement becomes small if the line is 
narrowed by the presence of only a small amount of vapor. How- 
ever, the spectra given by the regular furnace offer evidence that 
high vapor-density alone will not render lines unsymmetrical. The 
writer has never yet observed a line in the furnace spectrum which 
was clearly unsymmetrical. To be sure, many of the lines most 
sensitive to this effect are in Class III or Class IV and are therefore 
narrow and unreversed in the furnace, but a number of strong tita- 
nium lines, very unsymmetrical in the tube-arc and spark, are 
reversed in the furnace at high temperature and remain quite sym- 
metrical. The vapor-density in the furnace must be considerable, 
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in spite of the large volume of the tube. This is attested by the 
width of the stronger lines and by the fact that, during the short 
run required for an exposure, two grams or more of iron may be 
vaporized so that the tube is afterward found incrusted with it 
from end to end. In the arc also, lines may be very wide when 
much vapor is present, and still remain symmetrical. When the 
poles of the arc are approached, however, the occurrence of en- 
hanced lines indicates a condition resembling the spark, and in 
this region the lines most sensitive to displacement become one- 
sided. These dissymmetries are greatly magnified in the tube-arc 
and in the disruptive spark. 

A considerable degree of harmony among these effects is obtained 
if it is permissible to consider as a necessary condition the presence 
of electrified particles moving at high velocities. These are supplied 
in the spark and at the poles of the arc by the high potential 
gradients. The cause for the very similar spectrum effects in the 
tube-arc, where the potential is low, is not so clear, and at present 
the writer can only refer to the suggestion offered in a previous 
paper’ that the heated carbon ejects electrons which are given high 
velocities by the explosive conditions at the point of rupture. We 
know that at this point there is a great concentration of electrical 
energy, and the effects would seem to indicate that the action of 
the tube-arc produces a superheating of the carbon in virtue of 
which the electrons are given velocities comparable with those 
imparted in other sources by a high potential. If this possibility 
is admitted, the effect of high electronic speeds in causing a dis- 
turbance of period should be increased by the crowding together 
due to high vapor-density, and on this account the relation to the 
pressure-effect may be a close one. Spectrum lines from the fur- 
nace or from the center of the arc, given by particles having low 
velocity, are displaced by the crowding due to pressure. If the 
source does not have high pressure, but is such that the particles 
have high velocities, the tendency of these velocities to disturb the 
period would be expected to increase with the density of the vapor. 

A consequence of this point of view would be that high pressure 
should give large displacements for lines which are strengthened 


* Mt. Wilson Contr., No. 73; Astrophysical Journal, 38, 315, 1913. 
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by strong electrical conditions. This is borne out by the large 
pressure displacements found for lines in Classes III and IV of 
the furnace classification. These lines are much stronger in the 
arc and spark than in the furnace. Further, Gale and Adams? 
observed that the enhanced lines as a class are displaced by pres- 
sure more than the arc lines, and that for a given pressure the 
enhanced lines are displaced more in the spark than in the arc. 
They note also that when the arc and spark were observed at the 
same pressure, the lines in general show ‘‘a marked tendency 
toward higher values for the spark displacements.’”’ All of these 
effects would follow as a direct result of a combination of high 
electrical action with high pressure. 

Royds,? in reviewing the displacement effects observed as a 
result of arc dissymmetries, arrives at the conclusion that vapor- 
density plays an important part, while recognizing the possible 
influence of ionization in the arc and spark, and suggests ‘‘density 
of ions” as a substitute for ‘‘vapor-density”’ as the displacing 
cause. I believe this idea is in the right direction and would make 
a further modification by suggesting density of high-speed electrons 
as a condition which appears to harmonize the results for the dis- 
placements of the arc, spark, and tube-arc with those for the 
pressure-effect and to account for the evident connection of all of 
these with the furnace classification. 


SUMMARY 


t. The results for the tube-arc and the disruptive spark show 
that these sources impart an unsymmetrical structure to many of 
the stronger spectrum lines, the micro-photometer indicating that 
this is caused by the region of strongest excitation giving a displaced 
line, usually to the red. 

2. Much variability appears in the amount of this dissymmetry 
for different lines, its magnitude clearly being related to the furnace 
classification of the lines and to their displacement under pressure. 

3. Iron lines of small and moderate dissymmetry in the tube-arc 
are low-temperature lines and show only moderate pressure-effect. 


1 Mt. Wilson Contr., No. 58; Astrophysical Journal, 35, 10, 1912. 
2 Kodaikanal Observatory Bulletin, No. 40, 1914. 
393 


22 ARTHUR S. KING 


4. Lines of large dissymmetry are faint in the furnace relatively 
to the arc and are greatly displaced by pressure. 

5. The degree of dissymmetry in the tube-arc, for each of the 
foregoing classes, has a distinct relation to the width of the line, so 
that, other things being equal, strong lines are more displaced 
by this effect than faint ones and an increase of vapor-density 
increases the dissymmetry. 

6. The most symmetrical lines of iron in the tube-arc are the 
“flame” lines. The H and K lines of calcium reverse with the 
violet side strongest. 

7. Lines unsymmetrical toward the violet in the spark and near 
the pole of the arc are displaced toward the violet in the tube-arc. 

8. The nebulous lines of iron, requiring strong arc conditions, 
are much intensified in the tube-arc. 

g. A powerful and disruptive spark produces line dissymmetries 
which in general are very similar to those of the tube-arc. The 
most symmetrical iron lines in this spark are the “flame” lines © 
and the enhanced lines. 

to. Analysis by the plane grating shows the radiation from the 
core of the spark to be displaced toward the red, in the case of most 
of the stronger lines, the outer vapor giving a symmetrical line 
in the position of the arc line. 

tr. The results indicate that a condition of strong electrical 
excitation, combined with high vapor-density, produces a condition 
the displacing action of which shows many resemblances to the 
effect of pressure. 


The writer wishes to acknowledge the valuable assistance of 
Mr. Colby and of Mr. Monk, who operated the micro-photometer 
in registering the curves for this investigation. 


Mount WILson SOLAR OBSERVATORY 
April 20, 1915 
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A STUDY OF THE LIGHT-CURVE OF XX CYGNI 
By HARLOW SHAPLEY anp MARTHA BETZ SHAPLEY 


XX Cygni, discovered in 1904 by Madame Ceraski,‘ is the 
shortest-period variable star known. It is classed as a Cepheid by 
Kron,’ and the light-variation seems to have all the general charac- 
istics peculiar to that class of variables; but unlike other Cepheids 
for which we have the necessary data, it is said to have a greater 
range visually than photographically. That such an abnormality 
of color should be attributed to a variable already exceptional on 
account of its unusual period, suggests that the peculiarity may not 
be due to observational uncertainties. Its explanation would be 
that at maximum the star is redder than at minimum, the greatest 
intensity of the spectrum shifting toward the red with increasing 
light, instead of toward the violet as with all other Cepheids.4 This 
would indicate that, if there is a change of spectral type with change 
of light, the redder spectrum occurs at maximum and not at mini- 
mum, as has been observed for RS Bodtis,5 and as is presumably 
true for all other Cepheids whose photographic ranges are known 
to exceed the visual. To determine whether the visual range of 
XX Cygni is really greater than the photographic, and to investi- 
gate other peculiarities of the star,® a study of its light-curve has 
been undertaken at Mount Wilson, the results of which are con- 
tained in the present communication. 


t Astronomische Nachrichten, 165, 61, 1904. 

2 Publikationen des Astrophysikalischen Observatoriums zu Potsdam, 22, Part III, 
52, 1912. 

3 Parkhurst and Jordan find a photographic range of 0.63 mag. Kron’s mean 
visual range is 0.76. But cf. Kron, op. cit., p. 56. 

4 Campbell, Stellar Motions, p. 309, 1913. 

5 Publications of the Astronomical Society of the Pacific, 26, 256, 1914. 

6 Such as irregularities in time and shape of maxima, or other features that might 
throw light on the cause of Cepheid variation; Mt. Wilson Contr., No. 92; Astro- 
physical Journal, 40, 448, 1914. 
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Because of the favorable field and the abundance of close and 
suitable comparison stars, XX Cygni is well adapted for accurate 
eye-estimates, as well as for photometric and photographic observa- 
tion; and since its discovery the light-variations have been followed 
regularly. In 1912 E. Kron’ published a monograph on the star, 
containing 2705 observations by eight different observers,” together 
with a critical discussion of the data. The period derived is 
3h14™12°3547, with the addition of a quadratic secular term. Al- 
though Kron concludes that the existence of this term is clearly 
demonstrated, the Mount Wilson observations show that, quanti- 
tatively at least, it is not sufficient. 

On the nights of August 21 and 23, and September 18, 1914, and 
March 17, 1915, series of observations were made with the 60-inch 
reflector. On each of the first two nights the star was followed 
throughout an entire period. In all the observations Seed ‘‘27” 
and Cramer ‘‘Instantaneous Isochromatic”’ plates (used with a 
yellow color-filter) were alternated, thus giving in quick succession 
photographic and photo-visual magnitudes. The importance of this 
procedure lies in securing complete photographic and photo-visual 
determinations of the same epoch of maximum with the same instru- 
ment. As we shall find later, neither the shape of the curve nor 
the range is constant for successive periods. Therefore it is impor- 
tant that every photographic-photo-visual comparison should relate 
to the same interval of variation. 

The plates obtained were as follows: August 21 and 23, 13 of 
each kind on each night; September 18, 5 Seed 27 and 4 isochro- 
matic; March 17, 8 Seed 27 and 7 isochromatic, but owing to haze 
five of the latter were not sufficiently exposed to insure reliable 
measurement. In addition there are nine polar comparison plates, 
one of which was rejected because the cycle of comparisons with the 


«Op. cit. 


? Blazko, Astronomische Nachrichten, 172, 58, 1906; Schwab, ibid., 170, 370, 1906; 
Parkhurst and Jordan, Astrophysical Journal, 23, 84, 1906; Graff, Astronomische Nach- 
richten, 171, 55, 1906; Luizet, Bulletin Astronomique, 25, 251, 1908; Nijland, Astrono- 
mische Nachrichten, 188, 149, 1911; Kron, op. cit., p. 35; Hartwig, Vierteljahrsschrift 
der Astronomischen Gesellschaft, 41, 309, 1906. The observations by Guthnick, as 
well as:those by most of the observers named, are not published outside of Kron’s 
monograph. 
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Pole is not closed and the altitude of the variable was so great that 
the extinction correction is large and uncertain. With the ex- 
ception of the polar comparisons, each Seed 27 plate received four 
one-minute exposures,’ while each isochromatic received three two- 
minute exposures. 

The method of measurement and reduction closely follows that 
described by Seares in Mt. Wilson Contr., No. 80.2 Of each separate 
image of the variable and the comparison stars two independent 
measures were made, and all of the measures on each plate, cor- 
rected for distance from the center and for irregularities of the 
measuring scale, yielded a single mean value of the brightness of 
the variable. 

Diaphragms were used to determine the scale of the comparison 
stars referred to an arbitrary zero-point; the magnitudes so ob- 
tained were reduced to the international zero by comparison with 
the Mount Wilson Polar Standards. Corrections for differential 
extinction between the variable and the Pole were made with the 
aid of the Potsdam tables,3 interpolating for the altitude of Mount 
Wilson, and doubling the tabulated visual values to obtain the 


photographic corrections. 
TABLE I 


PoLAR COMPARISON PLATES 


PLATE No. No. |LEenctH 
DatE G.M.T. ee ON EXP. ON OF] EAcu papier! Peer 
No Kind 2 ? 

1792..| Iso. | 1914 Aug. 22 | 232 8™ 2 2 2™ |—o.00 mag.|1o.83 mag. 
1828. .| Iso. 23))|| 22) 16 2 I D later: 10.74 
2325..| Iso. | 1915 Mar. 15 | 23 43 2 2 3 |+0.03 10.75 
2827...) 1S0; 16 | o 28 2 3 2 |+0.06 10.86 
POLE e 27a LOLA PANIC. © 22:22 052 2 2 I |-+-0.02 10.19 
E5205 A127. Oe || BER Ns 2 2 I |—0.04 10.08 
TSGOs 19427 Sept. 18 | 15 23 es I Ey 20222) cles aie 
O32Aen\oe27)\) tors Mar. 15, |b23>51 2 2 I |+0.07 10.07 
2320..| 9. 27 16} © 25 2 2 1 |+o.11 10.13 


* Rejected as a polar comparison. 


Table I gives a list of the polar comparisons. The last column, 
giving the value of the reduction constant derived from each plate, 
t Plate 1892 has five exposures; 1890 has two. 


2 Astrophysical Journal, 39, 307, 1914. 
3 Miiller, Photometrie der Gestirne, p. 515, 1897. 
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shows the satisfactory accordance of the results and indicates that 
that part of the probable error in the color-index which depends on 
the uncertainty of the zero-points is considerably less than a tenth 
of a magnitude. 

Table II gives the adopted magnitudes of the five comparison 
stars as determined from seven diaphragm-plates of each kind. 


TABLE II 


MAGNITUDES OF COMPARISON STARS 


Star fy epeitesicd Av. Dev. pee tne Av. Dev. 
Liaw agstontees II.Io +0.09 10.76 +0.06 
Bheandn poet gs 12.56 +0.10 Ti33 +0.09 
Bee ddeos 13735) EO IOA Vill pemtsyara eter ce cemelotell cnetemetenerete 
Ais custvyavels| susaseetarent toes lara rale Nevers EI577 +0.02 
Sen eodousllamaguMaucouMlieonacgoclcue 12/323, =0.07 


On the Seed 27 plates, Nos. 1, 2, and 3 (see Fig. 3 and Table VI) 
were used; on the isochromatic plates, Nos. 4 and 5 were substi- 
tuted for No. 3 which was too faint photo-visually to be suitable. 
The photographic magnitudes of Nos. 4 and 5 and the photo- 
visual magnitude of No. 3, which are missing from this table, were 
later determined, but less accurately, by a direct comparison with 
the Polar Standards (see Table VI). 

In Table III we have the photographic and photo-visual material 
upon which the light-curves are based. The first column contains 
the number of the plate, the second the Greenwich heliocentric 
mean time of the middle of the exposure, the third the phase com- 
puted from Kron’s elements II," and the fourth the magnitude of 
the variable. Diaphragms were used in making the plates marked 
with an asterisk, the order of apertures being 60-32-60 for the iso- 
chromatic and 60-32-32-60 for the Seed 27 plates (with the excep- 
tion of Plate 1892 on which the order was 60—40-32—40-60). 

The data bearing on the accuracy of the light-elements are col- 
lected in Table IV. The times of maximum predicted from Kron’s 
adopted elements (Kron II; see op. cit., p. 47)? are given in the 

1 Op. cit., Dp. 47. 

?Max:=J.D. 2416563.41065, G.H.M.T. +0913486522E —o41578X107 7° 2. 
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They do not agree within allowable errors with the 


observed times, the greatest difference being 17 minutes. Using the 


TABLE III 


Mount Witson OBSERVATIONS OF XX CyYGNI 


PHOTOGRAPHIC PHOTO-VISUAL 
Plate G.H.M.T. Phase Mag. Plate G.H.M.T. Phase Mag 
1914 Aug. 21 1914 Aug. 21 
st le ae 205 g@2 |-+2534™ | 12.47 | 1753... 2ohr7™2 | 2h4om | 12.21 
1B et Nese 2762 IC) || BOS |) AG o 34.5 BeOP ea BEER 2 
E750 "<< Aves Ze Melee) || neue || Seat 49.7 CO) Hoe ih heey 
Tied tee Boe OC Oavielie5 4a 750eer Zim Aes TSRON Ee ULNG 4 
E700... 2EREEEG eV hell at Os} |] Oe. ao 20.0 Breet || a859Ko) 
1762*.. 33.1 AA Omer 2-00) i702 5, 40.7 Ask |) SH Cys) 
T7042. . 48.3 LXajaceh qh TMM aos G - SY Th fo |b 8 OK 
£700... eh yh TaPEAM OM ee 22 3 et Oyen bey soy sts} Mae | TG) 38 
E7OO ce - 18.4 Agcy || Bao || oe 26.5 38.0 | 12.06 
i ee 34.8 46-37) 62.5 2e en 77 beer Ao gists || Agus 
E72 obi 49.8 PRET eo AL 2c A ae yi7 a0 57-9 PR Wsch | WAT 
EVYA So: oe W583 aI Seo ||, SALE || eh tn DEY Tha i AYN GY |f Mie 
DO tec 2re2 BSP || see AISI) ash (ip 28.6 Ako) .16 || 19).,i0i 
Aug. 23 Aug. 23 
LOA = D593 727 Oradea Saab 7 seek 70 Sten I5 46.6 0753-4 Dr.00 
E7O0se - 55.0 Wet Op ern OOM a 1707 arr WS BY i (o)afe) || ist cave) 
E708". 16 9.9 LOR 77 lee Suet OO. ae 18.7 Mott || Til OR 
1800... 27.6 BARATIEL2 2 37m LOOn aa 35.4 WP || DOs 
ESO2 cre 46.5 Boe SriEtesOnletsosene 54.3 OP Ge aah |) ane ae: 
ESO4 on s iy = BSE 2 Soni Ee. 4ts Loosen 17 8.6 Teale 7 
1806... 15.8 2200n|s b2eAOnle tSO7mne 23.0 Ao) af) |) HAS 
1808... 30.4 Byfsey \\ ae Trey. | aslo )onn & B73 AASTa eL22O5 
ESLOm < 45.1 SIO b2s40) |eroriner 52.4 5072 4) at beO7 
FOI =. 59.5 SeLORSaIELZROS MMT Oke ee 18 8.0 OmOFOu ELI 4O 
ESLAN .0. 18 19.7 Opl2eaa| eet o2e eons er. 26.9 TOM Se bcs 2 
1816... 34.1 AGay) | SUP | ANSI 6 41.0 225 Om eiie4O 
EOLoee: 48.4 ALLO etn Ole Lol Quer 55.6 ASt nll E02) 
EO20). i- es leo ees On Ele SOMIELG2 On Danone i GOO I a5 
Sept. 18 Sept. 18 
1890... Tee 20n7. B On ama | aio, I5 34.0 BBO). y), Titagike) 
1892*.. 44.5 OMOnOn EEL OL i MrSOsiir See CO) HOE. [PMO fo) 
TSA). Ole; 27a eins OF LoO Stee TOMORG BAe LL ESS 
TSO0 cea. 17.8 43.2 | 12.16 | 1897*.. 26.9 ogy || eRe 
1898* . 35-9 Peete saleees 20 
1915 Mar. 17 1915 Mar. 17 

23380}. 22 38.9 2 46.9 | 12.64 | 2339¢@.. 22 47.0 Oy SIG -COY || t8 8) {105 

line 55.0 Be Suey || Tea feyel Des ei at fl asl |p the 
23400. . PE Derk @) 29) || Te Gfe) || Dever. 15.9 OUOH Mle Lites 5 

Dae 22.0 15.8 | 11.65 De « 28.5 Me | nist, Oe 
23420.. F yor arp || Gert 7ke) |) VaCy Xie Aes efoto EVE 
2 Dee ria Ate5) |i 2.00 b. 53.8 AZ SOM LinO7s 
224Adar DAO SOnOule L2nLo) 

b. LOnS Te Bhojeeh Nl Sep Lo) 


+ The plates marked a and b each have two complete sets of exposures. 
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elements Kron designates as IIa, which involve a least-squares 
correction to Blazko’s values of the initial epoch and period but do 
not contain a secular term, the residuals are somewhat reduced. 
Although the observational data here given are not sufficient to 
justify a correction to Kron’s elements, as far as they go, they argue 
against the existence of the secular term. 


TABLE IV 
pac | ten | sain ey] Bette! | hee | tka | az 
IQI4 Aug. 21 28202 2420366 20548™5 208 57m + 8 + 3 
Aug. 23 28216 24203608 ESM age 18 24 +17 +11 
Sept. 18 28408 2420304 I5 34.6 I5 49: +14: + 8: 
tots Mar. 17 20745 2420574 22 On 2 23021 +15 + 8 


Two of the light-curves tabulated in Table III are shown in 
Figs. 1 and 2. In each case we have two simultaneous records, one 
based on blue light, the other on light of longer wave-lengths; but 
both are determinations of the same maximum, so that the differ- 
ences in shape, range, time of maximum, etc., which exceed the 
errors of observation, must be interpreted as differences of color. 
In shape there appears to be no great difference between the photo- 
graphic and photo-visual curves on the same night, although there 
is a marked difference between the curves of August 21 and those 
of August 23. This, however, will be discussed later. 

Within the errors of observation, the time of maximum is 
practically the same photographically and photo-visually. There 
is some indication, nevertheless, that the photographic maximum 
may come slightly later, as would be expected if there is an appre- 
ciable absorption of light in space.’ It is in the amplitude, however, 
that we find the most marked difference, especially on August 21. 
On that date the photo-visual range is 0.72 mag. as against a photo- 
graphic range of 0.97 mag. This difference in color is normal for 
Cepheids. The second night, on the other hand, gives a photo- 
visual range of 0. 10 mag. greater than the photographic. The mean 
photographic range for the two nights is 0.86 mag., the mean 

* Kron finds the difference vanishingly small but, if anything, in the opposite 
sense; op. cit., p. 56. 
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Fic. 1.—Photo-visual (above) and photographic light-curves of XX Cygni for 
August 21, IgI4. 


Ere 
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12.0 


Fic. 2.—Photo-visual (above) and photographic light-curves of XX Cygni for 
August 23, 1914. 
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photo-visual is 0.78 mag.; the mean visual range found by Kron 
from all observers is 0.76 mag. On March 17 the photographic 
range is 0.99 mag., but minimum light depends on only one normal 
point. Thus it appears from the data now available that the photo- 
visual range is not greater than the photographic, and is apparently 
somewhat smaller. 

The color and magnitude at minimum (as shown in Table V) 
are sensibly constant, suggesting that the irregularities occur at 
maximum and that the minimum is the normal condition of the 


TABLE V 


CoLor DATA FOR XX CYGNI 


AUGUST 21, 1914 AUGUST 23, 1914 


Photog. Photo-vis. ColorIndex Photog. igre Colornides 


Mag. Mag. Mag. 
Minimum..... 12.50 12.17 |+0.33 mag.| 12.49 12.17 |+0.32 mag. 
Maximum..... rEess Ir.45 |+0.08 Il.74 11.32 |+0.42 
Ranger crane: 0.97 On72 O.25 0.75 0.85 0.10 


star. This is verified by the measures on the polar comparison 
Plates 1828 and 1829 which show a color-index at minimum of 
+o.31. The color-index at maximum, however, varies more than 
0.3 mag. 

In addition to the values tabulated above, others can be 
determined, but with less weight, from the two incomplete series 
of observations; for September 18 we find +0.15, and for March 
17, +o.30. The mean for four maxima is +0.24, showing that in 
the mean and three times out of four the star is bluer at maximum 
than at minimum, and corroborating from other data the conclusion 
expressed above that the photographic range exceeds the photo- 
visual. The value of the color-index indicates an average spectrum 
more nearly of type F than of type A as classified at Harvard." 

In connection with the study of XX Cygni it was thought of in- 
terest to investigate the color of the surrounding stars. Fig.3 shows 
all those within a distance of 11 minutes of arc from the variable, 


t Harvard Annals, 56, 194, 1912. 
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brighter than magnitude 13. 7 photo-visually—the limit of visibility 
on our plates. Table VI contains in the first column the adopted 
designation of the stars, in the second Kron’s designation for such 
of them as he has named, and in the third Kron’s visual magnitude 
(on an extension of the Potsdam scale). In the last three columns 


Fic. 3.—Field of XX Cygni, 201™3, +58°40’ (1900), giving all stars brighter 
than magnitude 13.7 photo-visually, within 11’ of the variable. 


are the mean Mount Wilson photographic and photo-visual mag- 

nitudes, and the color-index derived from them. These magnitudes 

were determined from the eight polar comparison plates (Table I), 

which were taken in four pairs, each consisting of one isochromatic 

and one Seed 27 plate. Since in each case the plates compared 

were taken in quick succession, the color-indices are free from errors 
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due to possible light-variations in the stars themselves. On com- 
paring Kron’s visual results with the Mount Wilson photo-visual 
magnitudes, we find that the two scales are parallel throughout this 
range of 2.3 magnitudes, and, correcting for the systematic differ- 
ence in zero-point of 0.12 mag., the average difference for the 12 
stars is +o.05 mag. 

TABLE VI 


Cotor-INDICES OF STARS NEAR XX CyYGNI 


Kron Mount WILson 
Stan 
Designation Visual Mag. Photog. Mag. P He RS Color-Index 
Discsvelscstesesiicnsie II 10.56 II.I0 10.76 +0.34 mag 
Pia peotno otis: 9 BE25 12.56 E33 -+-1.23 
ED al A alti ctay seat cle med he eneaa eo er EAI emo ede eat amen 13.35 13.05 +0.20 
Aerca case Brarvaca erate eet foee Oeil okera cease eee tee 12.35 Tr .77, +0.58 
Gir stsiamentessrers 5 II.94 12.38 2723 +0.15 
GaN Narshave rat arenes 8 10.80 DEa2t 10.83 +0.38 
Deitoerci a eatecs A 10.15 EPsor 10.27 +0.94 
Gia Manel ae tisdale esha aber arora eral l iterator oats 12.80 12.94 —0.14 
Di Ie Ge Mesias B 10.29 Tie 52 10.39 +1.13 
Fests wrorirerca ra 7 Ir.64 I2.14 11.80 +0.34 
ge Ray orl Neal orca oe ats Cape 12.70 E77 —0.07 
Biseceuc-srtievereicie D 9.72 10.36: 9.83 +0.53 
Ube vetatageyeheae sill oiiedelonneacime ee lars erode cree ee 14.22 T3202 +0.60 
SPARES E (IO eo AO cea eae Sree 11.76 ELA37 +0.39 
Apts ceneye ieeiore er E 10.33 11.36 10.40 +0.96 
Be send oa Sevens | Oe Oe ROE nce Meee 13.70 12.99 +0.71 
Use. jee esa 6 11.84 13.19 11.86 ae 
(pera DEEN Coe 4 II.54 T2560 11.76 +0.55 
| ODT cir SOTO CD Hold) tects Ce OD ule 13.76 13.20 +0.47 
Ol ea lotstala ers. 3 12.03 12.46 I2.19 +0.27 
VP cial Seakerste teste TOMS eae, iss iate 13.18 12.58 +o0.60 


The color-indices of these stars near XX Cygni were compared 
with those of North Polar stars within the same limits of photo- 
visual magnitude.*. The results, given in Table VII, show that the 
average color-index of all the stars considered is less in the field of 
XX Cygni than near the Pole. Perhaps because the former is in 
the Milky Way we should expect to find these stars bluer. 

It was noted above that the light-curves of XX Cygni appeared 
to have an entirely different shape on August 21 and 23,1914. Such 
a difference from night to night is found in a much more striking 
degree on investigating the observations published by Kron. The 

* Mt. Wilson Contr., No. 97; Astrophysical Journal, 41, 206, 1915. 
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variations from the mean curve are certainly much larger than the 
errors of observation. Three pairs of curves are reproduced in 
Figs. 4, 5, and 6 to illustrate the extent of this irregularity of form. 
The first pair is taken from Guthnick’s photometric measures, the 
second from Schwab’s visual estimates, and the third from Kron’s 
observations with the Potsdam photometer. These diagrams give 
examples of extreme types of maxima; all intermediate stages 
hetween them are found among the curves examined. Of the two 
Mount Wilson curves illustrated, that of August 21 is of the inter- 
mediate type, slightly narrower than the mean, while August 23 
shows a broad round-topped curve nearing the extreme of that type. 
In the light of these wide variations in the form of the curves, the 
observed differences in range and color on different nights are much 
more plausible. 
TABLE VII 


COMPARISON OF THE COLOR OF STARS IN THE FIELD OF XX CYGNI WITH THE 
CoLor OF STARS AT THE NoRTH POLE 


Nort PoLe FIELD or XX CycGni 

Lmarrs or Mac. - j a 
verage verag 

No. Stars Cole trace No. Stars Golomitader 
TORO) LOmER.Oits ys < wesic.- Ui +0.57 mag. 6 +o.71 mag. 

Ee OU geek 2 Os sice syste. 3 +0.45 6 +0.74 
TIMOR RES COME Crlreicis' 14 +1.01 6 +0.25 
13, Out AC Ore ow ac. 29 +0.98 3 +0.42 
OPO geet A On ote) iorans en 53 +0.90 21 +0.55 


An attempt was made to see if the change from one type of curve 
to another occurred at regular intervals, but from the observations 
published by Kron no periodicity could be established. It was 
noted, however, that there are no instances in which consecutive 
maxima showed a great difference in type (on account of the three- 
hour period of the star, it was on some nights observed throughout 
two or more successive periods). From one night to the next, on 
the other hand, there is often considerable change, and in the 
instances where observations are available for many successive 
nights, there is a rough indication of a periodicity of possibly a 
week. As all of these curves are reasonably smooth, only a part of 
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the difference can be attributed to errors of observation. All that 
can be said at present, however, is that the variation in the shape 
of the curve definitely exists, and that the change from one type 
to another appears to be gradual. The successive maxima of XX 
Cygni, then, are obviously not exact repetitions of the same phe- 
nomenon. Whether the minima, as well as the maxima, vary in 
shape, it is impossible definitely to say, for they have not been 
sufficiently observed; but the runs of residuals during those minima 
that have been observed indicate the existence of different types. 


Fic. 4.—Guthnick’s visual light-curves of XX Cygni for September 22, and 
October 5 (broken line), 1908, showing two extreme types of maximum. 


To give still more evidence (if that is needed) for the reality of 
the different types of light-curve, Table VIII has been prepared to 
show that the many large residuals from the mean curves do not 
represent accidental errors. The deviations in each case are from 
the mean curve for that observer. If the variations from a mean 
are distributed according to the Gaussian law of error, there should 
be in the long run as many changes as persistences of sign. A 
glance at the table shows that here this is plainly not the case. 
These persistences of sign apparently verify from the measures of 
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Fic. 5.—Schwab’s visual light-curves of XX Cygni for January 9 (broken line) 
and March 13, 1905. 


Fic. 6.—Kron’s visual light-curves of XX Cygni for September 21 (broken line) 
and December 3, 19009. 
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each observer the existence of entirely different types of light- 
curve. They cannot be due to any appreciable extent to ordinary 
night error or to inconstancy of the light of comparison stars, as 
individual examination of each curve shows. 


TABLE VIII 


SYSTEMATIC RUNS OF RESIDUALS FROM MEAN CURVES 


Observer No. rs ae aaron Ratio 
Blazkos. penetrate: 431 142 3.0 
Schwabi a5 sees 330 123 | 
Parkhurst and Jordan. 42 16 2.6 
Gragt yeas areas 64 a7 n4) 
MATIVAS Cn See om toto ciae sae 157 5° # i 
Guthnickeeee ae 239 84 2.8 
INijland sien. snva creat. 105 69 135 
ISTO Sherer. ere oe 338 127 a7 
Hart witness ekeiey 13 9 I.4 
Lotal peewee 1719 657 20) 


The conclusion must be that, whatever the cause, there is a 
short-period though possibly irregular change in the actual shape of 
the curve, and also probably a short-period oscillation in the time 
of maximum, though the mean period remains sensibly constant. 


SUMMARY 


1. To test the supposition that its visual range exceeds the 
photographic, and to investigate the general question of regularity 
in Cepheid variation, a study has been made at Mount Wilson of 
the light-curve of XX Cygni, the variable with the shortest known 
period. More than 300 exposures were made for this purpose with 
the 60-inch reflector. 

2. It is found that, in agreement with all results for other 
Cepheids, the visual range does not exceed the photographic, though 
from the data now at hand we cannot say definitely that the photo- 
graphic range is greatly in excess (Table V). 

3. The stars in the field of XX Cygni within eleven minutes of 
arc of the variable yield an average color-index considerably less 
than that of North Polar stars of the same magnitudes. 
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4. Though a short-period oscillation in the time of maximum is 
suspected, the mean period of XX Cygni is sensibly constant. The 
secular term in Kron’s elements is perhaps unnecessary; at least 
the light-elements which contain no secular term predict times of 
maximum in better accordance with the Mount Wilson observations 
in 1914 and rots. 

5. An examination of observations made by many observers and 
published by Kron shows definitely the existence of several types of 
maximum (Figs. 4, 5, and 6). The Mount Wilson observations 
confirm this (Figs. 1 and 2). 

6. The maxima of XX Cygni, therefore, are not exact repetitions 
of the same phenomenon, but rather disturbances in the star’s 
brightness occurring at regular intervals but varying in character. 


Mount Witson SoLarR OBSERVATORY 
April 2, 1915 
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THE RADIAL VELOCITIES OF FIVE HUNDRED STARS 
By WALTER S. ADAMS 


The program of radial velocity work for the Cassegrain spectro- 
graph during the past few years has consisted for the most part of 
observations on the following classes of stars: 

1. A- and B-type stars, mainly between magnitudes 5 and 6.5, 
a knowledge of whose motions is of particular interest as aiding in 
the determination of the elements of the two principal star-streams. 

2. A, F, G, K, and M stars of magnitudes 5.5 to 6.5 which have 
very small astronomical proper motions. These may in general be 
considered as very distant stars of high luminosity, and are of 
interest as regards both their radial velocities and certain character- 
istics of their spectra. 

3. Stars with measured parallaxes, most of which have very 
large proper motions. The magnitudes of these stars are chiefly 
between 5.5 and 8.5." 

In addition to these lists a number of brighter stars have been 
observed, for which determinations of radial velocity have been 
published from other observatories. 

It seems desirable to make the results so far obtained available 
for the use of astronomers who are engaged in the discussion of 
stellar motions, and accordingly values are given in this communi- 
cation for five hundred stars for which, with a few exceptions, three 
or more observations have been secured. Many other stars have 
been observed once or twice, and results for these will be published 
as soon as additional material has been obtained. 

Several different optical combinations have been employed in 
the spectrograph during the course of these observations. The 
principal consideration which governs the dispersion to be used is, 
of course, the character of the spectrum of the star, but this has 
been modified in many cases by other factors. For example, the 

t The radial velocities of 100 of these stars were published in Mt. Wilson Contr., 
No. 79; Astrophysical Journal, 39, 341, 1914. 

411] I 


2 WALTER S. ADAMS 


spectra of the small proper-motion stars have in almost all cases 
been photographed with low dispersion, although most of them are 
of the solar type, and so are well adapted for the use of high dis- 
persion. It seemed desirable in their case to sacrifice accuracy to 
some extent in order to secure statistical material more rapidly, 
and to make it possible to institute direct comparisons between 
their spectra and those of the fainter stars of large proper motion 
and measured parallax. The different combinations used in the 
spectrograph may be summarized as follows. The linear scale 
denotes the number of Angstrém units per millimeter. The 18-cm 
camera has been used in the case of only three of the published 
results. 


TABLE I 
No. Prisms Camera Linear Scale at Hy Stars Observed 
‘ES a 38 peat ae es sae A \ A, B, and brighter parallax stars 
Pepe ra et 46 36 Small p.m. and parallax stars 
Tenge eed eect 18 92 Parallax stars fainter than 8.5 


Table II contains values for the individual stars. In view of 
the importance of the Preliminary General Catalogue of Boss for 
determinations of proper motion it has seemed preferable to desig- 
nate the stars which occur in his catalogue by their numbers rather 
than to give a heterogeneous collection of names and catalogue 
numbers. The stars with measured parallaxes have the designa- 
tions given in Groningen Publication, No. 24. Additional stars are 
indicated by the Lalande number so far as possible, the B.D. num- 
ber being used only in a very few cases. The magnitudes are those 
of Harvard, with the exception of such as are given in parentheses, 
which are from miscellaneous sources. 

The spectral classification has been made from the Mount Wilson 
negatives, and most of the determinations, particularly for the A 
and B stars, are due to Mr. Kohlschiitter. Especial attention 
should be called to the M stars which are marked “‘peculiar.”” The 
peculiarity in nearly all cases consists in the combination of hydro- 
gen lines of an intensity corresponding to that in G- and K-type 
stars with the bands of the M stars. Some of these stars, classified 
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according to the intensity of their hydrogen lines, have been dis- 
cussed by Adams and Kohlschiitter in a previous communication.” 

The total proper motion yu is in most cases derived from the 
values given by Boss. For the parallax stars it is taken from 
Groningen Publication, No. 24. The angle d is the angle between 
the star and the sun’s apex. The co-ordinates used for the apex 
are those adopted by Kapteyn, 


a= ties aaah s= +30°8 > 


and the values both for w and X are taken from a list calculated 
under his direction for all of the stars given in Boss’s catalogue. 

The first of the two columns in Table II denoted by v contains 
the means of the observed radial velocities; the second the corre- 
sponding values published by other observatories. The following 
abbreviations are used: A, Allegheny Observatory; L, Lick 
Observatory; Y, Yerkes Observatory. 

The final column of the table contains the values of v corrected 
for the solar motion. The values are given by the equation 


v' =v+V cosa 


in which the value 20 km has been assumed for V, the sun’s motion 
in space. 


t Mt. Wilson Contr., No. 89; Astrophysical Journal, 40, 385, 1914. 
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TABLE II 

Star a 1900 6 1900 Mag Spec. Be A v v v 
Boss 5...) 08 22) 14263°38" 1.5.5 |) BS I o7ooon ls O35\\ (OSs lteerrnst + 2.3 
18..| o 4.9 |+10 35 | 5.4] B8 | 0.034 po Oe ac a-al Bs Barece, Sree +14.9 
Al. o 11.6 |+60 59 | 5.8 | G2 | 0.002 OS Sets est eee + 4.4 
AZcn| (OL ELLO)|--30) Ob ATOM |NrAzellOrO5 2 74 | + 0.1 |+ 6.2L | + 5.6 
Ome) OES 5. |i 7a 3 Onl Onl Om NOROs SO) lh -LOsA a eerie +16.7 
81..| 0.22.8 |+17 20 | 5.3 | Mbp | 0.117 860) 1 OaSr |e eck + 8.2 
QOuily, OF 24000 ——sAns tet OnO) leks NOnOne QS: le ager 2 | ens eye + 254 
TITS, -|| 0°30.0-1-1-53° 378) Seale D7) i O,O25 FOr | =f=a BRO. || ete eee + 9.6 
124 © 31,0) |+-t4) At) 105-0) |) B35) 1801028. NOON Sn cial etre —18.0 
125 © 32.0 |+34 51 | 5.6 | Go | 0.019 70) Wi OL 7a lbeee eee + 3.1 
eis 08130 © 32.2 125 IOs) 5.71 GS 1.36 tog | +15.5 |+18:L | + 9.0 
Boss TZ Da 5033 Onlj=400 45) (15-70 a Te OLOLG Fy Wie) Oi. Bi teisewees exe — 3.5 
S4)Piscrumy je) .O34ie2a a 320) 430 Ont | a Crms I ROn5O Hl —SEMOV Main gdb 6 — 3 20) 
Boss T3Sut 0 S5e Fila so. Soa a5 4 | Om Os007, || Ka OO! fl eae ees — 4.4 
Lal. HAKONE ol) KeRste Ve) Ia 28 es |! Sale) LE Il Ong TOO8|| = Gris 2h erg ae + 3.4 
Boss LOS ar O84 225 Oma Om G6 0.016 QO | 414-3" eee nce +12.7 
TOO, 0|. (0) 430) lan 22) TORS. 3A A FOrOSOn ls BRO neo @)= el eerre =-12).3 
Groom. 145..| © 43.2 |+69 54 | 8.0 | Ko | 0.44 65).|| 2870 Wee ee ae —I9.6 
Boss ES3 el eeOnAG a2 alata SONG Om| Ong TGP || xeky ays} 730 nD OW cere + 7.6 
TOSms fer Os5O20 iE 2OLA0m es Oumar ©2000 4) SOc = —s Onion |erteeeet = fr 
ZOOa |e Ov 5240-200 27a 5 Onl mINODm | TOnOL7 86 ORO eas user + 1.4 
210. 3|) O05 27) |-1-1 3) 20) 110.4 ln GAun|nOno22 OSG) seESe7 Weeesesie +14.0 
Be heio |) Oh GND Nae Fe S7t || On8 |) EO! Gaerne QO: |= TAG |e —17.6 
Groom. 211-3} 0 5526 |-=-44 55 | 7.0) GA to. 105 Teal lea ft ON Ice ee —66.9 
Boss DEN si 2) Bye arate AS) || G3 || BO || Skew 80. Reo Be Ba eee thers + 6.8 
224-0) 57239438, 10 i 54g le BO) tO. 0208 seo5al-|-8On yall eee eer + 11.4 
Wale £7004 0) S722) (aie 4 SEs POs On NOM hOuA Gan |EtOOn|E=|=2O.—2 i aennEaanan +16.7 
Boss B52 N AE Bee te) boSele Aa heOs4 207) CON 1) lta Or Onn | beers — 3.8 
Ae s\| ah Alay ee) Gl Sa F3 | 0.004 O47 l= On 5 aera — 9.9 
203 sly oL) 50 la O3t dO" es 5a | seb Om cor O8Si| NOON | Ono al eee + 1.0 
Oe Ale Lee ert ne a tao I rue Ib oaetoyh |! Gyons Il at | haw — 6.6 
2845 ec) OE 8.0) ia-t5 63 ON Eso 2DEO.O26 OO | a TO a ee rere —18.2 
Ne\ljg| ee ueadya See Sl Gece wee Ni Caedal| ae |) 45 78 focok dass — 0.2 

Lal. 2AsOnn ll Pe LOnO|-LO TO) Seve Goun| morse, 96 On Wey ecieirar —2 
Boss Sole all aes ypeeM = eee) (PORN) Iker tl Cues) || dove) Sie @) loco oo ene + 9.1 
Bal mek yin eyed Koll Rid Keri Il Gurotete) |) ip || OH oon coac- + 1.1 
Be al wee) Toes AM ey || (7 || @ueevi 705 | — a Onlore aeeees + 2.8 
Lal. 3022..| 1 33.9 |+27 36 | 7.8 | G7 | 0.50 OVE | SGP GY lo Bo 6 ays 5528 
Boss By Sula be SOkOm c= 20) Sen NOnO)EGAmlTonons OS viastee Soya lick ae ae cba 
379: =| we8NB 0231344415 SUle Os onone QOn ea nOn2 aa eee = Ona 
TOT, PISCIUMe| L OS 7a Ee lt LONA TS aSull eG Oun|mOn 72 OO i 9427 neces = 
Boss ALOe ta 44 On| 2rrA7 tes Onl GOulOLOns OOs|Soaesesa| tance + 0.2 
414 eal D455 7) 10 33,1 05.6.1) Bh 2a OnO7 4a eLOOmE= noun pr eas + 5:1 
420..| I 47.3 |+40 14 | 5.6} Kr | 0.009 poteti || t= ORM MR een oc Gey 
AZOeri| ok 5OsONl i= 0847102 Keren | ROSOOs QL ace eOnle aoc + 6.7 
AS?) el 50.2 (1-30) 403185 S| a Kons Oar SOn| nO re iets Oca | Shee +58.7 
VY Veale OGY eee pul Oey |p AGtoe. iteyxopere || sxorey || Sorte ons, oY +10.7 
AST et 5 50) [OB NSA cy Smn | NOPOnT 7 AeA 2O Salle en Sls 2) 
AOL Les edits ee 4onle5 aoa ATE OLO22 OAT teh ASailsanrtoer + 0.1 
AV2e|\iLeSo.2 |i AON Oras | Kom |FOnoz4 ul eTOsm| letero melee + 5.6 
Mite dl ear lami, Sy say |) Ava [LO.cae ikea | Seer omie oe ae —32.6 
Lal. BO Iad|| eG oh Soho Cel ogi TT al eR AO 7. | eee —49.8 
Boss ASSr || 2 a An Sali 5 7 atom SOn 7 alms Sam mOnOne TOV "=—S 08 ine saree FIO 
Ziel ey |aeey 254) Ose tea || opera | tor | itd Be gue —22.1 
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TABLE Il—Continued 
Star a 1900 8 1900 7 Mag. | Spec. Me nN v v v! 
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BUA Ser TPS 720) (tase Onl A. On| eA Gun Ons 235 mOORNE-|n Sr. | eae +15.4 
ZISOn A EIGSO. eas 225 leSO NG an TOROAL FO ots Aol, eee + 8.1 
Suis Ons |e ert oO Oa ele | Cyena0) SON 2 ORO eran —15.7 
BI7O~-\nt2) OF0) 1-0 403717 2)) BASE | oLooOslECOn nO On| ann — 4.6 
WEB acehOgenlt 274m ees onls 7 cel GAen noma GOH = 1r834 eee ees +11.3 
al) 220082),)|9r29 SO. ra-- Ex 24007. 5u Gas lonco 8293070) ) eee —27.2 
Bossi) 3183.).| 52) 823" |-]-10) 40105,.5. |) VASO. OOON MEG a ln-tat2 a4 | + 6.2 
31935). 1P2) CEE) |-4t £3 lies. 70 iess cl OnOS da OGM n= AG | ha — 6.9 
3200...|. 12.143) |4-23° 3581-020) AZ | InO.088 TSN atest Le Da eee + 6.4 
B205. i L2etoe4. |—20540. || 5.4. || B89 O.002 ul mocm|a—20%0n| ieee = 23.7 
3217).=|) 12 15.8 |—13 1 | 8.5 | K2) | 01002 3) esi 25 Salle sere +11.5 
3234..| 12 20.3 |+57 20} 6.0 | Map | 0.028 6275 — On 7a eens = FR 
3248. .|| 1222.8 |4-56 165) 5:8 || Ma | oso3 625-11 7G aera +27.0 
3200) 5) 2520.00 11-25 sa 7 aloe ale tA2 sO O20.m las |e o cia eens + 6.0 
3 200.0| E203 0.0) a5 D7 5 Onis AO mL OLO,OmmmS Am lm on Om | knee =D 
32044 | 1121333 [see 240 OFOn|asVi DE ROnOGOuI mE Sra |i 5 cm hn —L1.9 
3300.6} £230..9) |--TOn 4746S | BS mi Onrse JOR Se5 a eee + 8.3 
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TABLE Il—Continued 
Star @ 1900 § 1900 ee Spec Mw A v v v 
Boss) 3310.4.|)1 25367 | - ar’ ssa" Ao o"o78) 78° |" ao) nee + 6.4 
Boab eaten 2 Sula a7 Onze Malco rons Hee lage |b otra weow + 12.9 
3332..| 12 43.0 |--63 20 | 5.8 | Ag | 0.022 8) Yass oCo): [Le ocr 0 Oe = fot 
3334-.] 12 43.2 |+14 6]|6.4 | Ao | 0.068 73) || —=— 10). 25" eee + 5.6 
3336..| 12 43.5 |+67 20 | 5.6 | Gs | 0.008 S35 OrOm| amtra + 19.6 
GSS eh 2643. Onl T4y 401) 65.7 a eNO mlnOLOsT DPM Mrbkohal War ees ncsicac = 1.5 
3330s-| £2°-44.1 |--40- 1 |'6.2 | AS |Jo.0s67| 60 Bet AveltS are Se ia 
Gds0=siet2044 Ag 28 = Ol SFA Om EOnOOs 68 4 Bey dl Re  aar OO) 
B40. 2214702 | - 270370 |LOa5e1 | GO mlro.o24 TIA eOw4 S| ae aa + 6.1 
3360. .| 12 48.8 |+12 58 | 6.2 | Az | 0.067 73 = BS |e aie ae 2s 
3367. .| 12 50.6 |-+ 3 56 | 3.7 | Mbp || 0.470 77 |\— 17.4 |—17.6L|— 12.9 
3382..| 12 56.4 |+56 54 | 4.9 | Azp | o.101 57 | — eke ery ae ae Ufo 
3406..| 13 4.2 |+10 33 | 6.0] G7 | 0.020 7O=|=\= 18 Oz Tele areca On) 
4086.1) 13° 4-819 48,116.29) Kos or023, | Srl Or oases = B47) 
4423) TS ste Sn it-at 0) | 6-3) 1 Goo. cosel) sO5|—. TOTOnlh mens ape 
R4022/4) 13 r7of 14-6 4rel~ 5e6) || Are |Por0s8o FO) te Tao eesraretcietes = 1,6 
SATO sed 3020237 || 24°23) |E5.5 1 Ate || 0, Ob4. lmeOre | be Oe | Seen: + 11.3 
Lal. 250%2..| 13 26.6 |— 1 49 | 7.5 | G6 | 0.94 723 5310" lene eemreters == AY 
Boss 3499.-| 13 26.8 |— 5 44 | 4.9 | Ks | 0.112] 75 |— 19.1 |—19.2L |— 13.9 
3506. .| 13 29.1 |+ 4 10] 5.0] Az2p | 0.052] 68 |— 8.4 |— 6:L |— 0.9 
3534 -| 13) 30.44|— 8 12,622) | Ma |o.o18 MN Ce flee enoroie = Di) 
BGA2 oc 1363008 | — ih 4 tas. 70 Lo mlOs0OG Vise Cee nme doe ap Abd 
3580. .| 13 46.7 |+35 16 | 6.6} A2 | 0.033 Goal) E2530 lene area = O58 
3585-.-| 13 47-4 |+12 40 | 5.9 At 0.038 OOM TIT A ee races = et 
3589..| 13 48.5 |+65 13 | 4.8 | Map | 0.004 51 |— 10.4 |— 9.9L |+ 2.2 
ASA a|| wh EY) le @ SA Osis || MEE |e seuto HO Nis Way Vis oa co 6 — 12.8 
2053. -| 149-0 |—17 44 | 5-5 | -BO” | 0-044 ale 74 5278 ne eer — 10.2 
3654..| 14 9.9 I+52 15 | 4.4 | As | 0.067] 46 |— 15.9 |—19:L |— 2.0 
3663..| 14 11.4 |+19 23 | 5.9 | AZ | 0.055 G2) lt. (Ons aleeeearete + 18.6 
Lal. 26196..| 14 14.4 |— 4 41 | 7.6 | Kr | 0.68 64) srs) Ont eee — ano 
BOssmsOGAeIMEA DES ef al-}-30) LG. (OrON| AOn || 0703001 n 404] — a2 Ou npreeneren ar tog) 
B7OZ al FAe2k- 4) \--3) 52) |O03.)| Ket |fo.oron | 4s | 2508: bees + 39.9 
BOO met AN 2 22a — 5 AOn| On tall AT 650,008.16 03" |— 15. On breasts = ©. 
BIsaan Es Shor) |= 12 53) || O20 |! <5) 0.07; (Oe) HIE FORE lo ococonc — 62.4 
BVAS ee IANS 5e LN aeb4027) lesa) AL |O-027 43 SEA Te ee ctess + 18.8 
3750..| 14 37-4 |—24 34 | 5.6 | Bo | 0.026 FAS | — Peds Delo eel ap tla 
Lal. 27208..}-14 52.4 |+54 41] 7.9 | Ko | 1.08 AO) |=" EA TAal tenner oer 21 OnG 
A.Oe. 14320..| 15 4.7 |—15 54 | 9.2] Go | 3.76 O37 == 200% Mi lhiacrecmnc +299 
BGsc meg O07 oe ety 7.50 1-10) 206.0) Vi bpilO,004 |" 40n |— 4a 2a errata — 18.9 
BO 75o LE Smo 100 — 175244 |s0RS 1 bOunlO 20205 mE OZnl—- 525. Ol aentartaes — 16.8 
Bee Gl| Tes Tene Nae Ge) || Soe Bee | Cneyk || 20 = ida) llioooccooc — 2.6 
Boos en LSeLOnga-0 45 ||) 5.715 A202 200 BO Sb al pret ae edine + 7.4 
Booger ats 5) 1-07 64451 57.201 35 01450 AA, |= 245 Allecatnou ener eke — 31.0 
3918..| 15 18.6 |— 0 40] 6.0} AZ | 0.077 Foye mtg Fy ail liearrairiinrenc + 10.2 
BOAZaELS 6252010220 195-0) | KO) 1/6010) |) 100) ==) a2 1 eee. + 8.8 
BOs Senet 5a20. Onl eon Sh ste |) 8 7p o1020 BA) Ae Sievert ssameete = 75 
Boles ah Tey Soak Wye tS) |) Byacsy |) NSS) egal? ed) at ie ri io ort =A 
40o7..| 15 40.4 |+ 5 4615.5 | A2 | 0.033 AY, (= <73 stamens + 7.8 
Sopp || Hs A WASGRR ae | 1G) || dpe ewrcnter || EyiG sci lle coueno.c + 14.7 
4o26..| 15 45.8 |+ 4 47 | 3.8 | A6 | 0.136 | 40 |— 10.6 |—10.0L|+ 4.7 
39 Serpentis..| 15 48.5 |+13 31 | 6.2 | F8 | 0.56 BM, BE ioeup |e caterotrc +5508 
Boss 4070..| 15 55.4 |— 8 81] 5.4 | Ao | 0.034 | 49 |— 10.4 |.......- — 6.3 
4096..| 16 2.0 |—26 41] 5.6 | Map | 0.122 O30 92052) lee teres — 12.1 
4103..| 16 3.6 |+ 8 48 | 5.9 | Mbp | 0.024 | 34 |— 21.6 |........ — 5.0 
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Star @ 1900 6 1900 | Mag. | Spec. bo oN v v v’ 

Boss  4119...| 16% 65 |—,9° 40") 5.2 | Az | of027 | (48? |= 1a 7)|—" S00 4 are 
Al20.5|° 10) (O772|—8) T7ailigas | AzaInO.O4 47 N= Ova |i netics + 7 
4122..| 16 7.0 |+16 55 | 5.9 | Az2 | 0.014 ZO) \— L270 9a. err + 4 
4125..| 16 7.4 |+23 45 | 6.0 | Mbp | 0.028 26 QA ID als steuetorseet — 6 

AV31s. |) 109823 |— CEs 5ulesese| IOmO O20 BOM OB leva eee — 13 

4134..| 16 9.1 |— 3 26 | 3.0 | Map | 0.161 43 7°\— 275 |—10-5 Uae 
AVS 7 cul TOMLOs2 4 |— mo Onlle signs Glen |nOnss 47 ae) PEs? |oa ee + 24 

4138 Ft.| 16 10.9 |-+34 7 | 6.8 | F5 | 0.29 230i Onck allie a erator + 0 
4146..| 16 12.7 |-+29 24 | 5.6} Ar | 0.028 24a On 4a imeeeds + 24 

4159..| 16 15.6 |+60 0] 5.6 | Map | 0.022 CUA eae) lhsera in 00 ¢ — 18 
4182..| 16 20.8 |+14 16 | 4.4 | Ao | 0.079 28 |— 2.4 |— 6.1L /4+ 15 

AI88e.|) £6) 22035 |—m7_ 22) | sea Map | Onr7 Onl 44a O 7k oom eine +111 

BaD s1°2007.0)|)10N23%O gat 506 22) (67S ah | LOMEOO) || e270) act iO ml teratoma + 0 
Boss 4210..| 16 27.7 |4-- 5 44.1 5.5 | Ao || 0.023 EPA MONG) lleadenoue — 9 
A227.) TO°3r.0 5-01 2153.) Aken | O.021 34 ETO Aerts ap) 

alam 30271 |NkOnS 2500-13 een O a7 i220\ | moun | ROnAG 18 83005 «dee soos + 11 
Boss 4228..| 16 33.3 |+46 49 | 6.0| Go | 0.020] 23 TOSS Vcc Merete + 1 
4229..| 16 33.8 |--53 57) AOI "OLO20 280 |= see Onle nearer + Io 
A2OT Mn LOMAT ES) USO) Ors tle Ome LOnOLL PIA leat PM lobia co.c 4c — 4 
4300..| 16 49.2 |+31 52 | 5.3 | A6 | 0.008 DS) 2 beagle eee — 2 
4303..| 16 50.3 |—16 39 | 6.5 | G8 | 0.089 Bie HO Inge doo + 10 
AZ105.| TO5324.|-|-25) 30. 1079) (G5) 0.000 20) == Onkol: anne + 27 

AZ3 Pun eLONG 7 AOnIc-3 304 suSe salma Sia LOLOL 13 |= Wpeo sl ener + 6 

Male 3 10sse| SO0SO6o | — BA Saving Onl eS earn 7 BS lal #275) ln erieeee + 43 
Boss) §/43956.|| 1725.2) |= 12) 45 04-30) Ar | 507036 0 Aga =f sea | poo | 
4418..| 17 20.0 |+16 24 | 5.7 | A8 | 0.044] 17 |+ 10.8 ]........ + 29 

Wea 783225 D7ecOnoe | tee) PA al Oo OME nsO Ke) 7/5) cra noc — 10 
Boss 4427..| 17 22.5 |+20 10 | 5.4] BO | 0.016 Sie Piet) llnesnsoan — 8 
AASSuah 17 62087 ate 20d Pans oc 2enhOnOom 9 |— 25.2 |—26.1L|— 5§ 

Wales T0055 6h.77 205 il -foie ted Sill pyrene cn | eee BO TSWAL Te eesti + 1 
W.B. 178514..| 17 20.90 |+ 6 4|8.6] Fr | 0.58 205145 ae| eee —I31 
Boss) (4408sah 27037 late2t 4S eon eAzO.028 TT alee See ec areectees + 2 
AAQA N74 LO 5365 tn eS OnlieAO mi NOLOAa ee lioe: bests) lemon 5c + 20 

4514..| 17 47.4 |+48 25 | 6.4 | Bap | 0.008 172) Om sia eon tere + 2. 

ASZOn 6} D79515.09| 422220) Sez Kant Ono epee Wee ahs sin 5.0 — 23. 
ASA0rn et 7 55), Onl — E7200) Ok out OU TO.O1 24 meAS BENG Ul secni Svan — 8. 
4547..| 17 55.6 |+16 45 | 4.7 | G8 | 0.022 14 |— 24.4 |—21.5L/— 5 

ASSA aL 7) SOO ate 720 2On| e551) eee | SOL OOOn ln Tall ams a Om ecrte ene + 9 
ASO2s7i\ peur 4.0 M120 oul aSi 20 |) Pe ACUEORO2 7) Lise Tn) seer +. 3. 

Waly 9933439014) 229 20" 3 4-1-3527 0Oa7) |) Kes onos Cohen eae on 7 fe fal ene ch oo + 2 
Boss 4601..| 18 6.5 |+36 27 | 5.9 | G7 | 0.009 OVI 25R Ono e eee — 6. 
4620..| 18 12.5 |+42 8 | 5.2] B8 | 0.009 Test 2O Ava |e eee — o. 
4620. eS ES al Wat-24024.0/Se55| a ho OsOro Sqr Ga eaeeacss + 20 
4630..| 18 15.4 |—24 58 | 6.4 | Mbp | o.orr SOR es Ou eee + 15 

B.D. 8°3689..| 18 21-4 |+ 8 44 | 7.7 | Gr | 0.50 Dai \—ue 22) Re |e eee — 4 
Boss 4668..} 18 22.1 |—17 52 | 6.0 | B8 | 0.007 AQ | a9 4s Onin sho eae — 21 
AOSS il Lou25u0n| —TON2on |S. 25S sOKOss Ake) I= Seige llowsesnn 6.7 — 24 
4686..| 18 25.7 |+65 30 | 5.0 | Go | 0.104 | 35 |+ 30.0 |+33.4L |+ 46 
4702..| 18 29.0 |+30 29 | 5.4 | Bg | 0.007 Tlie sae Metres oo qe 
A707 Loe 2080) |= SON Soul eige ds eel oun hOrord 27 |— 9.9 |—10.4L|+ 7 
A7IO. 2) Oe 25 = nOn24™ | 5. Sah Sian OO 20Mles 2m =| ina oil| a = 30 

AT 2A. LO 134077020) |e 5 Oil On| OOOO Mar Ol =t-imnn Tesi anne + 15 

A7AO\ | L813 On8) [=f S 7. ea On| 7 O)O2 2/5 ON milo me + I5 
4748..| 18 41.0 |+39 34 | 6.7 | Ao | 0.06 1a Pee TS ots oc — 17 
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TABLE Il—Continued 

Star a 1900 § 1900 .| Mag. | Spec. mM A v v v 
BOSsmeen 475 Onn (RLGSAT 2 | — TO: TAC. Ss | Gs) |"O.OOs%| 427-1 mng Ok | eens + 2407 
4758..| 18 42.0 |+26 33 | 4.9 | Ko | 0.029 LOD | eet 25— TOO lal aeons 
APO Rel OUASw 1-00 5701802} Gos l/kO,OLOu|e sree oA oe oe ee Sasi 
Lal. 34986..| 18 43.8 |+10 39 | 8.1 | Ks | 0.45 23a ih LSA wl eee ap at 50 
IBOSS=) 4772.51 1S 40.0) |-|-32 42) 5.8) |) Bs” lorora TOs |—a Om te eer ae 3.0 
4780..| 18 48.0 |—21 29 | 5.8 | G3 | 0.012 SB | a On| eee ae gh) 
ATSGe| tO 40.05) 05-Ad sles Only mlOro23 PRIN). lnc jell ow 65.0 Ap fort 
ASOS..| 18 51.7 |--4r 28 | 15.6 |) Gs | 0.007 TG | 258.28 Mewenen ap teen 
ASTON 161 §320)|— 22 SOciase4) | Bop) "0,025 | 08 |—— Loom ener aera 
ASAQe ALOU S727 —tahO! 2385 ak) se LOro2s 22 TO) Sale seek One 
4866..| 19 2.5 |-+24 65.6) Ag | 0.056 MEK > ORE eo cinco - = 8.4) 
PRY Reel | ae) ye Je metswcye |) eck | LBS) VIN ey cero mei. So hens — I1.I 
4898..| 19 10.8 |+14 55 | 5.6 | Kr | 0.020 PI ad PO ENE oe irc — 4.0 
AS00..| 19 TEO-|--2t 93 -\e5.5-| As | o:o44 Oy Ys PRE ROY |b oy cos 3 6 — 5.0 
AOQLO.|| 10 £207) [1-499 54, | O23 ||| (GO kotor aly 245 |= e675 eee + 24.8 
AOQL2: -| LOt2-0-|--37 57-\7455) GS" |Ororo 17 |— 30.7 |—30.3L |— 11.6 
AOTAL | hOGaRe Pala kr ee Sams ot | Am |OvOrm 208s tO 2a tomeg ee + 1.8 
AQT. 1210123. 5.5| 22 51 5s2 0 bs) | OLOrd. 18 Oe OR A ema Lone 
AQLOH | TORTS 07M |-2O On |nOns|— Ker a TO;00G NO 205 Ol eee — 11.8 
4942..| 19 18.8 |+26 «4 | 4.8 | B8p | 0.015 18 |— 12.2 |—12.2L|+ 6.8 
AQO7.2| 10) 2200-79 42. |Our | IS8. "0.057 22) Ge Tapleste eer — 16.6 
AQ7A- =| 16224 .08|--9 5 45 527) (B85 |0.037 315 alate TOSOF laws, pomneaete + 33.2 
4976..| 19 24.5 |+24 28 | 4.6 | K5 | 0.170] 20 |— 86.6 |—85.0L |— 67.8 
4978..| 19 24.8 |+24 34 | 6.0 | G6 | 0.012 204 2044s |e ce ee — 7.6 
O24 ol LONSO0o2e| 1-42) 3565.4.) Ou 10.032 Py NW NS ae sod 0 99 |— 20.4 
5044.-] I9 40.5 |—20 0] 5.1 | Go | 0.165 56 |+ 16.5 |+23L [4 27.7 
OOS OAS <ON|=1-35.27. [e022 Goan OrOrG nl 23 al Tero One aeneunes + 29.0 
5073--] 19 47-9 |+18 25 | 6.3 | Bap | 0.007 255|——ELOFOn| me anes + 6.8 
5088..} 19 49.2 |— 8 30 | 6.5 | B7 | 0.029 ASW — PTS eA ge roereers 0.0 
5096..} I9 51.2 |+36 44 | 5.8 | F5 | 0.008 DAGi—— 2Ar.28|heeo- epee = 5.6 
BY22221 10) 542781130 43° || 5-40) BS. |0.037 25 02327 eee +) 27.9 
5125.-) 19 55-5 |+17 15 | 5.6 | Map | 0.015 Byey la SMO) Wee aan sc + 0.4 
5134..} I9 57.8 |+24 39 | 5.2 | A3p | 0.009 DT NT BBs Om lara ae yale — 16.0 
BEAZ el OUsOu2n| 8 Oe 50 nies Gn kee al eOnt TOR e43 |-1-r Os On levareneeners + 15.4 
B.D. 36°3883..| 20 3.5 |+36 16 |(7.1)| Map]....... 20.| 93 2) Oin |e ane — 14.0 
IBOSS MNS 78 I 20870-1201 3665, 1) (Go. 0102011" 261/227 28 hy a perer — 4.5 
5188..| 20 10.8 |+36 30] 5.1 | Bo | 0.094 28 |— 13.4 |—22:L |+ 4.3 
5213..| 20 14.8 |+34 40 | 5.2 | Fo | 0.017 20 men Bll cane eapaere + 13.5 
Gaudet al ore, aie |e | os) Ga Wot | Se ae oo odo + 13.8 
5220. =| 20 10.6 |--39 5} 6.2 | Ao |) 0.022 29 OX0 0a ene + 17.5 
5224..| 20 17.8 |+24 8 | 5.4 | B8p | 0.018 Bile | Os Pa reese + 8.0 

A.Oe. 20452..| 20 17.7 |—21 40 | 8.1 | Gop | 1.21 62 sl 170 8 Blaser —170 
Bossi)'52405.| 2021.6 |—18 325.2 1| BSp |/o.010)| Or |— 18.4)| — 8.7 
Boise..|| He WS ISeios yp ll acy ll SMe | fearon |) Gin hes aes). fo) |Inecoo so: — 0.9 
R207 2On2 72 2a 1-30=300 O23.) | eel | O.OL3 magia 227 7a ieicn — 5.6 
Baodenle20ns 05a een 5A aes 27a kCon TOOLT Oia). OF linac ities + 2.0 
5290. .| 20 33.5 |+3r 10 | 6.4 | Az | 0.0690 | 33 |+ 2.8))--. 220%: + 18.6 
5301...) 20 34.1 |+20 51 | 4.7 | Ar | 0,058 | 36 |— 19.2 |—-15L |— 3-0 
5307..| 20 34.4 |+15 29 | 5.9 | B3 | 0.025 BX Pe) |la eu do ac + 13.5 
5310. .| 20°30.0 |4-45 19 | 6.5 | BO | 0.010] 34 |— 15-1 |... .2. + 1.5 
5317..| 20 36.6 |+14 14 | 6.2 | Ka | 0.012 20 sia Lele = 55.0 
5319..| 20 37.0 |+31 57 | 5-7 | G7 | 0.018 33 Wie 2 ORO! |e) aleaintens — 11.2 
5325..| 20 39.1 |+49 59 | 5.4 | B3 | 0.006 | 36|— 2.6]........ + 13.6 
5306..| 20 46.9 |— 5 53 | 5-5 | Aop | 0.011 SAN ae Ale 20 cunerseacane + 7.6 
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Star @ 1900 6 1900 | Mag Spec. BM A v v 
Boss 5373..| 20%47™8 |+26°43’| 4.8 | G8 | 07103 | 37°| + 3.3 |— 0.2L 
Lal. 29208..| 20 50.6 |+40 19 | 6.5 | B8p | 0.025 BO = OE S30 aeea a 
Fed. 2039-5) 20N5204a|-- 74023 ules | GAun|EOn70 AQ3| —BOPAU | ae eres 
Boss 5389..| 20 52.5 |+47 21] 5.7] B8 | 0.006 B71 Sd Berea cvabemer ts 
5307 1. 20053. O02 D5 ON 5 0)0|) eKeS OOO 5s RAO teem einem 

5417. .| 2058.7 |—20 15 | 550-| Az | 0.060) 67 1) 2357 |-F20L 
5420..| 20 59.2 |+38 16 | 6.2 | G7 | o.or2 CY heh ah liee Clerc enc 
W.B.2051454..| 20 59.1 |+ 2 36 | 8.0] F3 | 0.56 ST |= ONS all gees 
Boss 5422..| 20 59.6 |+ 5 6] 5.9 | K6 | 0.019 SO: lp — EG 2 2' bla ncraseees 
5439.|| 20) (2238 |1-30r4y) |P5Oxte tsa 0. O07 (me 4ON | OnOn cirri 
BiD33874302-| 20 5420-130) 1Omhe7- OleOle aitee. 20 sds. Se Ralls aes 
Boss: @ 5456..| 21°.0:0 t—2F 415. 455| GS™ [0.0071 Gore 0.08 pra 
AST. | 2 LOe5 [a-50 12) 5-0 | HOw | O;ORAN mAs alee lal lerrarevarerene 
©4860) 2USTORS: | 7ONS5 INO 2 <2 NOnO20 StU eee rg Sal ane es 
Wale 630218). |(-20018h5 0139300040) e BOD pert AG’ ti OO estan 
Boss 5408.4) 020 2055 14-23 52 e560. AO 20-224, ee4 Sale On Om aeert 
Fone lh De hie) leo Bri || Gaiel 15e) 1 Coyscopitr AZ -E RTS aS eee 
5522..| 2025-4 |-1+-23-12 | 4.8 | Ma | 0.017 |) 469) 10°45) =a 7050 
GSA nel. 2t 1sOnt a e420 meson lm OnenlaCnO2e OTs B——O8 oul heer 
5546..| 2m 30.7 |+38 51] 5.0] G8 | 0.148} 44 | —63.9 |—65.5L 
BSGOu-|) 20 632-4) 01 501 /1Oln2' || AON O70200) NOON ea, On OM mira rterer 
S555) 20 Bgel la- 1S. 52: 1 15:3) (0 AL 1) On kOOn E40 nN ong errr ee 
Se 5oa lel G4e4y 1 TORAO) lls sonmeAs mon bi 40) |S ESA alee aes 
iota ol! PRE Sots yee) PEI ot) Ie: || Coxe pts’ AS V2 Ou atari 
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TABLE I1—Continued 


Star @ 1900 § 1900 4 Mag. | Spec. ee A v v v’ 
A.Oe. 25685. .| 23526™5 |4+58°34’| 7 © | Kr | 1708 607 | —- 040877 | Gea —I 
B.D. 62°2244..| 23 28.2 |+62 36 | 7.3 | G4 | 0.44 60) + Se es it ri : 
Boss 6063..| 23 29.7 |+39 41 | 5.4 | Aop | 0.042 | 66 | +13.2|........ +21.3 

6089. .| 23 38.3 |+ 9 47 | 5.4 | Map | 0.007 ST == 255 2a tea aera —32.1 
6105..} 23 42.1 +56 54 | 5.8 | Ko | 0.021 O2 cs Se Awl ere + 4.0 
6106..| 23 42.2 |+58 5.1 | Go | 0.087 | 62 | —22.9 |—20.3L | —13.4 
OFT. (023440. |--6re40 41520, Agp sl 0.010 Om: |) —" Gay) eee —46.0 
6113..] 23 44.3 |+ 0-31 | 5.8 | Az | 0.027 SOs Wo Oin4, |esers eer -+-10.7 
Oman | ZRSeY ae) APES th Ute ionewer! We ast! Gu) lloscacosc + 2.3 
0733.) 23 48.0 |-- -r' 32 | O.2e| Az |-o.0r3 HP IPP CSP [bcos 00-6 + 10.7 
6135..| 23 49.4 |+56 57 | 5.0 | Fop | 0.007 63 | —42.6 |—42.1L | —33.5 
6145..| 23 52.0 |+42 6.0 | Fap | 0.012 Orta eae — 0.5 
6166. .| 23 56.5 |+60 40 | 5.7 | A6 | 0.007 Ou isc 22 08 An eet —13.3 
OE7Os 312395 Jo5a11-05) 331 5c onl On| Onor8)|) 62. |) —1TOs0On sees — 7.5 
6180. .| 23 59.1 |+61r 44 | 6.0 | Ao | 0.008 OZels— TSE Oulaereceee =! O55 


ACCURACY OF THE OBSERVATIONS 


The great variety of spectral types among the stars of Table IT 
involves a wide range in the accuracy of the determinations of radial 
velocity. Many of the A- and B-type stars have vague and very 
ill-defined lines, and for such stars the accuracy necessarily is low. 
In some cases as many as seven or eight determinations have been 
made to guard against the inclusion of possible spectroscopic 
binaries, and the range among the individual plates occasionally 
amounts to more than 1okm. On the other hand, the results for 
spectra having well-defined lines are usually in excellent agreement. 
The accompanying short table (III) shows the average of the 
probable errors of v for ten stars of each type selected at random 
from Table II. 


TABLE III 
Type sQuality for, | Average No. | Linea Scale of | probable Error 
7 4s) Ga Lae per mm 

ANGI N 3S Ae eo Poor 5 16A +1,16km 
AGandaBre  ocs.o ss Good 3 16 0.73 
1 dca oh Greene Ot Good 3 36 0.98 
(rand Kgs eo ceciers Good B 36 0.97 
IGT ae oak core meen ee Good 3 36 +1.09 


For the sake of uniformity it has seemed preferable to retain 
the fractional part of the kilometer for » wherever three observations 
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are available, although it can have little significance in the case of 
individual stars photographed with such relatively low dispersion. 
The fact that the linear scale of the spectra of the A and B stars 
is over twice that of the F, G, K, and M stars aids in counteracting 
the effect of the poorer quality of their lines, and so tends to make 
the accuracy of the determinations for all of the stars in Table IT 
more nearly the same. 


COMPARISON WITH RESULTS OF OTHER OBSERVERS 


There are fifty stars in the list for which determinations of 
radial velocity have been published by other observers, a very large 
proportion being from the Lick Observatory photographs. The 
Lick spectrograms were in most cases taken with a dispersion of 
three prisms, and have a linear scale about three times that em- 
ployed for most of the F, G, K, and M stars of Table II. A com- 
parison by spectral types with the Lick Observatory results gives 
the values shown in Table IV. 


TABLE IV 
Type No. Stars Lick —Mount Wilson 
BiandvAes acne 21 +o.9 km 
Evand)' Gaeeoerr. 14 +1.6 
IRONIC aa dac 12 +0.4 


The star W.B. 451189 has been omitted from this comparison, 
as it seems probable that the large difference between the two 
results may be due to the fact that the star has a variable velocity. 
The same remark may apply to one or two other stars in the list, 
particularly Boss 5904 and 5044. ‘The exclusion of these stars 
would reduce the difference for the B and A stars from +0.9 to 
+o.4 km, and for the F and G stars from +1.6 to +1.1 km. 

A large number of observations on the two stars a Bodtis and 
a Tauri have been made during the period covered by the results 
shown in Table II. The values for these stars are given in Table V. 

The evidence seems to indicate a small systematic difference in 
the direction of larger negative or smaller positive values for the 
Mount Wilson results, but it is probably no larger than may be 
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accounted for by the wave-lengths of the lines employed. A slight 
difference might arise from the fact that the iron arc has been used 
for comparison purposes at Mount Wilson, and that Rowland’s 
wave-lengths have been utilized both for comparison lines and for 
such stellar lines as appear in the sun. The adopted values of the 


TABLE V 
Star No. Plates Mount Wilson Lick Yerkes 
© Boots... 0.2. 31 — 4.3 km — 3.9 km —4.5 km 
GE PAU rays es ate 16 +54.0 Sst | tee ee eee 


laboratory wave-lengths used for the helium lines of type B and 
the magnesium line \ 4481 of type A may also differ to some extent. 
In view of the fact that the Mount Wilson results are based mainly 
on comparatively low-dispersion photographs, the agreement with 
the Lick Observatory values must be considered as quite satis- 
factory. 


SOME INDIVIDUAL STARS 


Among the stars with exceptionally high velocities the following 
are of especial interest: 


v v 
NICKS, TARO), 9 cae 3 ac +299 km LaliotacSe nae +69 km 
I OCS204 525 oes. —170 IB OSS92047 emer +87.0 
ANE TOPS, phobic —I131 


The first of these stars has a proper motion of 3”76 and a parallax, 
as determined by Russell, of +0%035. Its motion in space as 
based on these values and its radial velocity would amount to 
577 km, directed toward the vertex a=189°, 6=—7o°. At a dis- 
tance of 5’ there is a second star which shares in the proper motion. 
The spectrum of this star is Go. 

The star Lalande 21258 has a proper motion of 4746 and a 
parallax of o%20. Its absolute brightness is extremely small, its 
magnitude being 10.4 (sun=5.5). In proper motion, absolute 
magnitude, and spectrum it resembles very strongly Lalande 21185, 
but the radial velocities of the two stars, though both large, are of 
opposite sign. 
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Boss 2647 is one of the very few stars of type A with a high 
radial velocity. 

A star of exceptional interest because of the character of its 
spectrum is Lalande 19229. The spectral type is A2, but the line 
» 4481, usually so prominent in stars of this type, is either absent 
or very faint. Two stars with a very similar spectrum had been 
found previously in the list of those having large proper motions. 
The data for the three stars are given in Table VI. 


TABLE VI 
Star Mag. Bb 7 Spectrum 
Tealees7 On) see 8.0 0790 +07039 A3p 
Waleeto22Onenmrrrae 8.4 0.83 —0.046 A2p 
WalS2S0o7nerener hoes SBA y -++0.029 A2p 


The hydrogen lines in these stars are exceptionally narrow and 
well defined. Although the measured parallaxes are small, it seems 
probable that these stars are of comparatively low luminosity, and 
the suggestion may be made that the normal A-type spectrum is 
modified in this way in the case of stars of small absolute brightness. 
If such is the case, these spectral peculiarities should serve as a 
valuable criterion for the discovery of stars of this character. On 
physical grounds the absence of the spark line of magnesium at 
\ 4481, which is associated in the laboratory with high vapor- 
density and probably high temperature, and the narrowness and 
sharpness of the hydrogen lines, which would indicate a hydrogen 
atmosphere of low density, would be in harmony with this 
hypothesis. 

Attention was called in the publication already referred to on 
the radial velocities of 100 stars with measured parallaxes' to the 
marked preponderance of the negative sign among the highest 
velocities. ‘There seems to be no such noticeable effect in the case 
of the velocities given in Table II. The number of positive and 
negative velocities is essentially equal if v’=50 km is set as a limit. 
Between 45 and 50 km, however, there are six negative velocities 
and only one with the positive sign. 


* Mt. Wilson Conir., No. 79; Astrophysical Journal, 39, 341, 1914. 
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RADIAL VELOCITY AND PROPER MOTION 


It is well known that,in general, the proper motions of the stars 
of type B are extremely small, those of type A considerably larger, 
and those of types F, G, and K larger still. The M-type stars have 
proper motions averaging about the same as the A stars. An 
observing list of stars of different types selected on the basis of 
apparent magnitude alone would, therefore, contain material which 
would not be homogeneous as regards the distances of the stars. 
Since large proper motions when treated statistically indicate not 
only small distance, but also high velocity, as is shown clearly by 
the values for stars of large proper motion,’ the tendency would be 
in such an observing list to compare rapidly moving stars of one 
type with slowly moving stars of another type. 

Most of the F, G, K, and M stars and some of the A stars which 
appear in Table II have been selected for observation because of 
their small proper motions. A knowledge of their radial velocities 
enables us to institute a comparison between the average velocities 
of groups of stars having these spectra with those of types B and A 
of the same average proper motion. In Table IV are collected the 
radial velocities of all of the stars in Table II, for which the proper 
motion is less than 07030 annually. One K-type star and one M 
star with velocities exceeding 50km have been omitted. This 
makes it possible to compare directly with a similar table published 
by Professor Campbell based on his velocities of stars of all types.” 
For the present purpose Campbell’s first table based on 1034 stars 
is used, no constant correction K having been applied to these 
results. The proper motions for Campbell’s stars have been taken 
from Boss’s catalogue for the individual stars published in Lick 
Observatory Bulletins, Nos. 195, 211, and 229. Not all of these stars 
are used in Campbell’s table, and, accordingly, the average proper 
motions derived are not strictly correct. In view of the large 
number of stars used, however, it does not seem probable that the 
values can be materially in error. 

« The average value of the radial velocity (corrected for the sun’s motion) of 135 


stars of large proper motion, 4=0782, as determined at Mount Wilson is 24.3 km. 
Stars with velocities exceeding 100 km are omitted. 


2 Lick Observatory Bulletin, No. 196. 
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The peculiar feature of this comparison is the relatively close 
agreement of the A and B stars and the large difference for the 
other stars. The question at once arises whether this may not 
be associated with the great increase in proper motion for Campbell’s 
stars between type A and type F. In a recent publication by 
Kapteyn and Adams,' Professor Kapteyn has made a computation 
of the relationship between radial velocity and proper motion for 
the K stars, using as a basis Campbell’s published values of radial 


TABLE VII 
CAMPBELL Mount WILson 
SPECTRAL TYPES rake? mane 3 ae - “fi 
. ota . Star: roper 
ae v - ne P.M. Motion km No. Stars Botion km 
O andy Beeer ae I4I 224 07031 8.99 61 07016 8.23 
Av EOC ae 133 206 0.094*| 9.94 55 0.019 10.04 
Ame ead enee 159 192 ©. 234 | 13.90 20 ©.O11 10.14 
Grand ake on 529 549 ©. 202 I5.15 11g 0.014 II.03f 
Wino stave: 72 78 0.074 16.55 27 0.015 12.56 


* The omission of 5 stars would reduce this value to 0%079. 
+ The separate values of the G and K stars are G: 63, 07013, 10.60; K: 56, o%0r4, 11.53. 


velocity and some of the Mount Wilson observations. The stars 
were selected in such a way as to eliminate so far as possible the 
effect of stream motion, and the components of the linear velocities 
were computed by aid of the mean parallaxes for stars of known 
proper motion and magnitude given in Groningen Publication, No. 8. 
If we assume that the results of this computation for the K stars 


may be applied to stars of other types, we have Table VIII connect- 
ing proper motion and radial velocity. 


TABLE VIII 

v va ov’ 
On000) LOLO1O25 hen a 12.1 km O“LOOtOLOsULOM mae 14.3 km 
0.026% *-@:.030. . .4 fu 12.5 ©! 020: 5° Ota sat 14.8 
CnO4Ou aOR OSORe EE 12.9 0; £507" -outooutcn a: 1S (0) 
0:000" 05070"... « ones 012005" "0; 200 nse 17.7 
0,080 i" "0..000en. see 13.7 B'O.300, Fone: 24.5 


* Communications to the National Academy of Sciences, No. 1; Proceedings of the 
National Academy of Sciences, 1, 14, 1915. 
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The use of these values gives the following corrections to the 
radial velocities for the proper motions of the Campbell stars in 
Table VII in order to reduce to the average proper motion 07031 
of the O and B stars: 


A, —1.3; F, —4.9; Gand K, —4.1; M, —1.0 km. 


Table LX shows the values with these corrections applied, and 
also with the reductions applied to correct for stream motion which 
have been calculated by Eddington. 


TABLE IX 
v Campbell v Mount Wilson 

Type km v’ Corrected for Proper km v’ Corrected fi Proper 
Stream Motion Motion Stresirt Motion Motion 

O and B 9.0 9.0 km o%031 8.2 8.2km 0016 
es Soren 8.6 6.8 bs 10.0 ae, 0.019 
. Deere 9.0 7.8 10.1 8.8 0.011 
Giieec Wee are « 10.6 9.2 0.013 
1 Cy eee ; Tees 10.0 0.014 
MR er 15.6 13.6 s 12.6 10.9 0.015 


In his definitive solutions of the solar motion for the several 
spectral types? Campbell has given the average radial velocity for 
each type with a constant correction K applied to the velocity of 
each star. This constant has a value ranging from about zero for 
the F and G stars to over 4 km for the B stars. If we treat these 
values in the same way as those of Table VII we obtain Table X. 


TABLE X 
Type v poi ati Proper Motion 
Orland, Bic. 6.5km 6.5km 07031 
Ataetaice Giakier 9.6 He e 
| ares eae 9.5 8.3 + 
(Cie woes crane g.I 7.9 ¢ 
era Oe. eet 13.2 TAS & 
IY Deu ep tert, 16.1 14.0 i 


The value of the constant K as used by Campbell is the average 
velocity v’ taken according to sign for the stars of the several spec- 
tral types, and is, of course, dependent upon the value of the solar 


t Stellar Movements, p. 157- 2 Lick Observatory Bulletin, No. 196. 
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motion V as derived for each type. Since the same value of V has 
been used for all of the Mount Wilson stars, no direct comparison 
is possible. It is, however, of interest to note how the value V= 
20 km satisfies the stars of the several types. The average velocity 
v’ taken according to sign for the stars of Table VII is as follows: 


B, +1.26; A, —0.24; F, —0.86; G, +0.05; K, —1.18; M, +0.31 km. 


A change in the value of V from 20 to 19 km would reduce the 
residual for the B stars from +1.26 to +1.06km. These quan- 
tities must be regarded as very moderate in size. The number of 
stars used is not very large, however, and hence the values might 
be changed materially by the inclusion of additional velocities. 
Thus if all of the M stars both of large and of small proper motion 
in Table II are included, together with one or two stars for which 
only a single observation is available, we obtain the following result: 


3 v According to 


No. Stars Be v Sign 


43 07058 14.54km | —o.97 km 


A similar computation for the B stars gives: 


»’ According to 


, 
No. Stars Kw v Sign 


113 07028 8.89 km +1.62 km 


The value +1.62 km would be reduced about 10 per cent by 
employing a value of the solar motion V=19 km. 

The Mount Wilson results of Table IX seem to indicate, if 
interpreted directly, that among the very distant stars the change 
of velocity with spectral type is slight, and Campbell’s results, 
except perhaps in the case of the M stars, point to the same con- 
clusion when allowance has been made for the effect of the large 
number of relatively near stars included among his F- to M-type 
spectra. This would be in agreement with the hypothesis put 
forward by Eddington in 1911,' but later entirely disproved, as he 


* British Association Report, 1911. 
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considered, by the evidence of the A stars," that the relation between 
velocity and spectral type might be a relation between velocity and 
distance, the stars nearest the sun, which are mainly of types 
F to K, moving more rapidly than the distant stars. The evidence 
which Eddington regarded as conclusive in disproving this hypothe- 
sis was provided by an analysis according to proper motion of the 
A-type stars for which velocities had been published. No increase 
of radial velocity with proper motion was indicated by the results. 
It has already been stated in this communication that such a con- 
clusion is by no means tenable in the case of the K stars, for which 
Kapteyn has found from the Lick and Mount Wilson values an 
increase of velocity of from 10.9 km for stars having an average 
proper motion of about 0”%020 to 26.7 km for stars with a proper 
motion exceeding 0%30. The following evidence derived entirely 
from the Mount Wilson observations for the other types of spectra 
will be of interest in this connection. The effect of stream motion 
has not been eliminated.? 


TABLE XI 
No. Stars we v No. Stars 7 v’ 
1 oe 61 07016 8.2km 52 oTo41 9.6 km 
DRS Sa nee 55 0.019 10.0 104 0.067 10.7 
Pree torte stele 20 ©.O1L 10.1 45 0.53 24.6 
CIOS 63 0.013 10.6 69 0.67 24.9 
I Bers oP te 27 0.015 12.6 12 0.17 17.6 


The agreement of these results with those obtained from the 
K-type stars is surprisingly close, and suggests that the empirical 
law connecting proper motion and radial velocity derived by Kap- 
teyn may be applied to the other types of spectra quite as well. 
Only a few A-type stars of very large proper motion have been 
observed at Mount Wilson. Of those for which p exceeds 0720, 
two have velocities exceeding 150 km; one has a velocity of 87 km; 
and the average for the other six is 20 km. 

The main feature of interest resulting from this comparison of 
proper motion and radial velocity is the low average velocity found 


t Stellar Movements, p. 161. 
2 Velocities exceeding 100 km have been omitted. 
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for the very distant stars of types F to M. The selection of stars 
on the basis of small proper motion means, of course, the selection 
not alone of distant stars but also of those which have small intrinsic 
velocities as well as those whose motion is mainly in the line of sight. 
These factors will affect the results to some extent, especially when 
comparatively small numbers of stars are used. On the other hand, 
the direct comparison of the average velocities of groups of stars of 
greatly different average proper motions means a comparison in 
part between stars of widely different distance, and in part between 
slowly moving stars of one type and rapidly moving stars of another. 
If the rate of change of velocity with spectral type is as gradual as 
seems probable from these results, a very accurate knowledge of 
the stream motions for the different types of stars will be essential 
for a determination of its true value. 

No attempt is made here to discuss the well-known investiga- 
tion by Kapteyn,’ in the course of which he first analyzed the 
relationship of radial velocities and proper motions to spectral 
types; nor the work of Boss,? in which he deduced the linear cross- 
motions of the stars of his catalogue according to spectral type. 
There can, of course, be no doubt that among the stars selected on 
the basis of apparent brightness those of the solar type are moving 
more rapidly than those of types A and B. The question which is 
raised is whether there exists any such marked difference for the 
stars of the solar type with distances comparable to those of types 
A and B. 

The small proper-motion stars of types F to M whose motions 
are considered here are on the average stars of very high absolute 
luminosity. The possible existence of a relationship between abso- 
lute brightness and velocity has been discussed in the communica- 
tion by Kapteyn and Adams, to which reference has already been 
made. The observational material essential to an investigation of 
this question would necessarily be much more extensive than that 
given here, and should be selected with this purpose in view. It 
may, however, be noted in passing that the average radial velocity 
of the stars of very low absolute luminosity is extraordinarily great. 

* Mt. Wilson Contr., No. 45; Astrophysical Journal, 31, 258, 1910. 

2 Astronomical Journal, 26, 187, Nos. 623-624, 191t. 

432 


RADIAL VELOCITIES OF FIVE HUNDRED STARS 23 


Of the stars in the Groningen list of parallaxes with absolute mag- 
nitudes of 8 or fainter (sun=5.5) sixteen have been observed to 
some extent at Mount Wilson. The average velocity of these stars 
(corrected for the sun’s motion) is 36 km; eight have velocities 
exceeding 40 km, although none have been included with values 
higher than tookm. It is difficult to think of these stars as other 
than stars of small mass, and the results for their velocities would 
be in agreement with the hypothesis suggested by Halm’ that the 
motions of stars are a function of their masses. 

Iam greatly indebted to several of my colleagues at the Observa- 
tory, and particularly to Dr. Kohlschiitter, for much of the observa- 
tional material upon which these results are based. Several of the 
members of the Computing Division have assisted in measuring and 
reducing the photographs. 


Mount WItson SOLAR OBSERVATORY 
June 1915 


t Monthly Notices, 71, 634, 1911. 
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